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(CYNODON DACTYLON L. PERS.) POPULATION 
  
 One of the principle factors that limits the areas to which seeded bermudagrass 
can be adapted is low temperature.  Therefore, increasing the winter tolerance of seeded 
bermudagrass cultivars has been a goal of turfgrass breeders for many years.  Design of 
an efficient breeding method for developing cultivars with increased tolerance to cool and 
freezing temperatures could be enhanced by having  heritability estimates for cold 
tolerance traits.  Additionally, the identification of correlated traits can be useful in 
improvement of cultivar development.  Heritability estimates for winter tolerance can be 
obtained from cold treatments imposed artificially or from observations made in the field.  
Parental clones and their respective polycross half-sib families were established in a 
randomized complete block design with four replications in 2004 in Lexington, KY.  
Differences in spring green up and fall dormancy measured in 2006 were detected 
between genotypes within the progeny and parental groups.  These same lines were 
subjected to 15 replications of a freezing treatment in a freeze chamber.  Differences in 
spring green up and fall dormancy were detected between genotypes within the progeny 
and parental groups. Differences in freeze response were also detected using the artificial 
freeze treatment.  Broad-sense heritabilities were estimated to be 0.895 and 0.573 for 
spring green-up and fall dormancy respectively.  Narrow-sense heritability estimates 
were found to be 0.885 and 0.265 for these same traits.  These results indicate that this 
population could be improved for cold tolerance using phenotypic recurrent selection.  
Freeze response was found to be positively correlated to winter hardiness and seed yield 
in the parent group.    
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 CHAPTER ONE 
LITERATURE REVIEW AND INTRODUCTION 
Selection in Plant Breeding  
 In order for a plant breeder to be successful he or she must make the most 
efficient use of resources available to them.  Like a business the breeder wishes to 
develop the best cultivar in the least amount of time with the least expenditure of money.   
Kang and Gauch (1996) state that genotype x environment interaction is a major concern 
of plant breeders for two main reasons; first, it reduces progress from selection, and 
second, it makes cultivar recommendation difficult because it is statistically impossible to 
interpret the main effects of this interaction.  This is particularly true of quantitative traits.  
Progress from selection is reduced because the environmental contribution to a phenotype 
is not under the breeder's control.  Unfortunately, genotype x environment interaction is a 
fact of life and so the estimation of this level of influence of this interaction in one 
particular bermudagrass breeding population is the subject of this dissertation.   
 Why do we define some traits as being quantitative?  It is assumed that for most 
quantitative traits there are many genes that have small phenotypic effects individually.  
It is possible that many of the loci for genes affecting a quantitative trait to be unlinked or 
physically separated in space on a chromosome.   Mendelian inheritance of qualitative 
traits such as those a person with casual knowledge of genetics is familiar follow a simple 
dominance / recessive mode of expression.  In the case of say Mendel's dwarf and normal 
pea plants the gene conditioning a phenotype has two alleles at one locus.  However, with 
multiple alleles at a given loci a segregating population can display what appears to be a 
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 continuous or linear distribution because the different combinations of alleles can act 
additively with respect to one another.    
 With the presence of different loci for a trait it is necessary to consider the gene 
interaction between different genes at different loci.  The two basic forms of gene 
interaction can be inferred by observing the distribution of phenotypes in a segregating 
population.  When multiple genes affect the phenotype with a continuous linear response 
we call the gene interaction additive.  When the individuals in the population fall into 
discrete classes we call the interaction epistatic (Lynch and Walsh 1998). 
 A breeder's job performance can be measured by genetic gain.  Genetic gain is 
defined by the equation Gs = i √Vp H where i is a selection intensity coefficient, √Vp is 
the standard deviation of the phenotypic variance and H is the heritability estimate 
(Poehlman 1987).  How heritability effects genetic gain can be demonstrated by parsing 
out genetic gain's component parts.  If there is a situation where a breeder has two 
populations with the same √Vp and that breeders uses the same i then the population with 
higher H can be expected to yield progeny  with a greater magnitude of superiority than 
the population with the lower H after the same number of cycles of selection.  
Conversely, if a breeder has two populations with the same H, then that breeder can 
expect to make more progress using a more stringent selection intensity.  Of course the 
situation is more complicated than this because H can effect the ability to make useful 
selections because a low H makes it more likely that the breeder will fail to select an 
individual that has a superior genotype because heritability for that trait is low.  
Therefore, an estimate of the heritability which can be expected in a particular 
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 environment with a certain amount of replication can help a breeder decide upon the 
specifics of the breeding methodology they should use.    
Heritability 
 The most simple definition of heritability is the ratio of genotypic to phenotypic 
variance or 2g/2ph (Fehr 1991).  This is heritability in the broad sense.   Broad-sense 
heritability has sometimes been considered to be of little use because these estimates do 
not employ the separation of additive, dominance, or epistatic effects on genetic 
variability.  For a quantitative character such as winter hardiness a more meaningful 
measure of heritability is heritability in the narrow sense 2A/2ph where 2A is the 
genetic variance associated with additive effects.  Narrow-sense heritability is the more 
useful concept because it measures the relative amount of the additive genetic variance 
that can be transmitted to the next generation.  Additive genetic variance is sometimes 
referred to as the variance of breeding values (Falconer 1960).  Additive genetic variance 
is of value to the breeder because in terms of transmission to offspring it is predictable in 
nature.  The more environments individuals are evaluated in the more accurately a 
heritability estimate will account for genetic variation.  Additionally, heritability 
estimates can be made more accurate by evaluating more and more individuals.  
However, it should be obvious that adding environments or individuals to a population 
size increase the time and expense of a cycle of selection.  
 Numerous statistical procedures can be employed in the estimation of heritability.  
These various procedures can be biased in an upward or downward direction when 
compared to one another.  However, heritability measures generated by any valid 
statistical procedure are the only way to quantify the genetic contribution for traits whose 
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 transmission do not appear to follow Mendelian inheritance.  No consensus has been 
reached as which of these procedures is most valid. 
Mechanisms for Stress Tolerance in Plants 
 An important concept to plant physiology  with respect to stress physiology is that 
nearly all abiotic stresses involve cellular membrane perturbation.  This includes cold 
temperature stress.  Fortunately, plants have many mechanisms to mitigate the effects of 
cold temperatures on cellular membranes.  The induction of the pathways for these 
mechanisms that accompany the gradual over time cooling of a cold tolerant plant's 
environment is called acclimatization or hardening off.   
 One mechanism for acclimatization to freezing temperatures is the unsaturation of 
membrane lipids (Buchanan et al. 2000).  Double bonds in a fatty acid tail of a membrane 
lipid make the membrane less susceptible to catastrophic phase transition of that 
membrane when temperatures are lowered.  When membrane integrity is not maintained 
a cascade of events that can lead to cell death begins.  This cascade includes the inability 
of the membrane to maintain a proton gradient.  Without a protein gradient respiration 
and photosynthesis can not be driven.  Perturbed membranes also leak reactive oxygen 
species that can overwhelm the antioxidant proteins the cell uses to protect itself from 
these free radicals. The mechanisms previously reported to be implicated in 
bermudagrass' ability to withstand freezing temperatures are involved the process of 
hardening off.  Hardening off is a complex physiological process by which a plant 
acclimates its metabolic processes in order to tolerate future freeze events (Sakai and 
Larcher, 1987).  This acclimatization is gradual and begins as fall temperatures and or 
day length decrease, and continues until maximum cold tolerance is achieved.  
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  Baird et al (1997) reported a three fold increase in unsaturated fatty acid content 
in the more cold tolerant bermudagrass variety 'Midiron' as compared to 'U-3' when both 
were allowed to harden off.  Additionally, the difference in double bond index between 
hardened and unhardened plants for the two lines was also greater for Midiron.  These 
researchers concluded that the observed increase in double bond index was initiated 
earlier and increased more rapidly in Midiron than in U-3.   
 Another very important concept to the plant physiologist interested in stress 
tolerance is the  involvement intercellular desiccation as a causal agent to many stresses 
(Buchanan et al. 2000).  This includes cold temperature stress.  Fortunately, plants have 
many mechanisms to mitigate the effects of cold temperatures on the plant cell's water 
status that can be upregulated when plants are hardened off.  
 The increase in nonstructural carbohydrates and certain nitrogen fractions can 
alter the plant cell's water status by acting as chemical antifreezes (Buchanan et al. 2000).  
Reducing sugars as well as sucrose can act as osmolytes in the cytosol of the plant cell.  
An increase in osmotic potential inside the cell can counteract the increase in apoplastic 
osmotic potential caused by extracellular ice crystal formation.  In this way the plant 
avoids cellular desiccation  
 Dunn and Nelson (1974) reported an increase in both sucrose and reducing sugars 
in the stolons and rhizomes of three bermudagrass cultivars as they hardened.  They also 
reported an increase in total N and NH2-N. in these plants as the fall progressed.  Dunn 
and Nelson (1974) concluded that ranking of bermudagrass cultivars for cold tolerance 
may be possible using an index that includes N, and sugar content as well as rhizome and 
stolon size.  However, they also concluded that they were not able to correlate differences 
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 in variation between cultivars for sucrose and reducing sugars to rankings for winter 
survival.   
 Gatschet et al (1994) identified several putative cold-regulated (COR) proteins 
that were upregulated in response to hardening off.  These researchers reported that these 
proteins were found at higher levels in the crowns of the more cold tolerant line Midiron, 
compared to the non-cold tolerant 'Tifgreen'.  In subsequent work these same researchers 
identified one of these proteins as a chitinase (Gaschet et al, 1996).  These scientists 
acknowledge that they can not definitively assign a function to this chitinase.  Fungal 
chitin is the most likely substrate for plant chitinases. Because several fungal pathogens 
attack bermudagrass in cool temperatures, upregulation of this chitinase may simply be in 
anticipation of fungal attack on the plant in the fall or spring.  Hon et al. (1995) reported 
that in cold acclimated rye a chitinase that accumulated had antifreeze properties.  
Conversely they reported that chitinases in tobacco, a cold sensitive plant do not show 
antifreeze properties.                 
  Finally, an important facet of plant biology that must be understood is that plants 
form survival organs that by definition must attain a state of dormancy and contain stored 
energy (Raven et al., 1992).  All the research thus far cited with respect to mechanisms 
for acclimatization has been reference to avoiding cell damage when the bermudagrass 
plant is forced into a dormant state.  The storage of energy must accompany the 
avoidance of injury so the uninjured tissue has energy available for the purpose of 
initiating new growth and a maintenance of respiration.   
 Carbohydrate reserve levels have been considered to be one of the major factors 
for bermudagrass winter survival (Beard, 1973).  In an article by Zhang et al. (2006), 
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 alterations in storage and osmolytic carbohydrate levels were measured in acclimated and 
nonacclimated samples of 'Riviera' and 'Princess 77'.  Princess 77 was assumed to be the 
winter tender variety and Riviera the winter tolerant variety.  The osmolytic reducing 
sugar glucose increased with acclimatization in Riviera but not Princess 77.  Sucrose 
which is the carbohydrate transported throughout the plant in the phloem as well as a 
carbohydrate also sequestered as a stored energy source (Buchanan et al., 2000) in some 
species, went up in both Riviera and Princess 77. Starch, which is also a storage 
carbohydrate (Buchanan et al., 2000) went up in cold acclimated Riviera but not Princess 
77.  Thus it can be inferred from these differences in carbohydrate levels that Princess 77 
is more winter tender than Riviera because it has only a mechanism for storing 
carbohydrate in preparation for dormancy and does not posses this particular mechanism 
for avoiding cellular injury.  Conversely, Riviera is able to alter its carbohydrate status in 
two ways that store energy and one way to avoid cellular damage.      
 Munshaw et al. (2006) reported that bermudagrass varieties that accumulated 
more proline in their stolons exhibited greater freeze tolerance.  Zhang et al. (2006) also 
measured variation in the accumulation of N-rich defense compounds.  Stolon proline 
content increased more in Riviera than Princess 77 in response to acclimatization.   
Additionally, the activity of the antioxidizing enzyme superoxide dismutase (SOD), 
increased more in Riviera than in Princess 77 following acclimatization.  Therefore with 
the addition of these results we can infer that Riviera's superior cold tolerance is also at 
least partially due to its ability to better accumulate an amino acid osmolyte in the form 
of proline as well as upregulate the activity of the antioxidant enzyme SOD.   
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 Breeding for Tolerance to Stresses 
 Any organism living in conditions that are anything less than optimal are 
considered to be stressed.  Biotic stresses are caused by disease organisms and abiotic 
stresses are all others.  Fonseca et al. (1999) conducted an experiment which sought to 
evaluate the possibility of the existence of correlations between forage quality and 
disease resistance in cultivated alfalfa.  Cultivated alfalfa is an outcrossed autotetraploid 
and hence methods used to estimate heritability in this species are relevant to 
investigations into bermudagrass heritabilities.   A random sample of  75 half-sib families 
from each of two genetically diverse populations was used.  Analysis of variance for 
disease and quality traits was performed using mean scores or values averaged across five 
environments.  Narrow sense heritability estimates ranged from moderate to high (0.35 ± 
0.18 and 0.95 ± 0.16) for the traits measured in the two populations.  Of the 18 
heritability estimates 17 were significant for one population and 15 were significant for 
the other.  Most correlation coefficients involving disease resistances and forage quality 
were not significant.  The exceptions were both significantly negative and positive.  
Additionally, these correlation coefficients were low in magnitude and confounded one 
another.  It was concluded that selection for particular forage quality traits was therefore 
not likely to affect disease resistance.  
 Genetic variation has been observed for cold tolerance as well as to other abiotic 
stresses in bermudagrass (Beard et al., 1980; Dudeck et al., 1985; and Francois, 1988; 
Anderson et al., 1988, 1993.).  Cold tolerance, winter hardiness, and sensitivity to chilling 
and other terms have been used to describe the trait that is measured by variations in 
survival through a cold season.  Freeze tolerance describes a plant's ability to sustain cold 
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 temperatures that drop below the freezing point of water.  Freezing temperature is 
thought to be a key mechanism for injury observed in winter species.  
 Cold tolerance has been described as a quantitative trait in winter barley (Rohde 
and Pulham, 1960), wheat (Sutka, 1994), and lentil (Kahraman et al., 2004).  As such it 
can be inferred that at least a portion of the genetic variability that affects this trait is of 
an additive nature.  Therefore, breeding for improved cold tolerance has been possible in 
many species.  Variation in measures such as time to achieve acceptable spring green-up, 
stolon size, stolon number , and rhizome size have been shown to be positively correlated 
to cold tolerance in bermudagrass (Ahring et al. 1975).  It can be useful to think of each 
of these individual traits as a possible component to the overall trait cold tolerance.    
 The improvement of winter hardiness in oat during the twentieth century was 
based primarily on selection in a field environment (Livingston et al. 2004).  Indeed, it 
was estimated that winter hardiness improved at a rate of only 0.26% per year between 
1935 and 1992.  A major impediment to more rapid rate of progress for this trait has been 
the random nature of annual weather conditions in the field screening environments for 
selection of winter hardiness.  Additionally, even with optimal weather the screening 
process requires the passage in time of a winter which of course would be the case in any 
field experiment of this kind.       
 If it were possible to obtain accurate and high heritability estimates for material 
that was evaluated using an artificial freezing treatment, then using an artificial freezing 
treatment as a selection tool could be more efficient because the cold treatment imposed 
by the winter weather is not always consistent or reliable.  
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  Marshall (1965) tested the effectiveness of artificial freeze treatments in a study 
which compared the responses of oat genotypes exposed to freezing conditions in the 
field and in a freeze chamber.  He noted that inter- and intraplot variability of the stress in 
the field made mean separation of the genotypes difficult.  However, their technique for 
artificially screening the genotypes had low experimental error, and they were able to 
efficiently identify variation in the varieties tested.  In a later work (1992), Marshall 
concluded from a review of the literature at the time, that field conditions were not 
reliable in providing severe enough winters to for a breeder to accurately separate 
genotypes with intermediate freezing tolerance as demonstrated in plant tissue damage as 
opposed to whole plant death.      
 Livingston et al. (2004) conducted a winter hardiness study of oat in which they 
used a type of progressive mass selection strategy in an attempt to improve winter 
hardiness and identify transgressive segregates for that trait using artificial freezing 
treatments.  The recurrent selection scheme utilized could be summarized as having 
gradually more severe treatments accompanied by more relaxed selection intensity within 
the three cycles of selection.  Specifically, F4, F5, and F6 random lines were subjected to 
artificial freeze chamber treatments of -14˚C, -16˚C and -17˚C with selection intensities 
of 10 and 30 and 100% for the three temperature treatments respectively.  These 
researchers were able to identify transgressive segregates which were superior in 
survivability by 135, 169, and 229% to the parental population means from the F4, F5, and 
F6 generations respectively.  This study did not report heritability estimates.   
 Other publications in the literature do report heritabilities for winter hardiness in 
oat.  Amirshahi and Patterson (1956) estimated heritabilities in F3, lines derived from a 
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 wide cross between spring and winter oats to be between 0.18 and 0.93.  Muehlbauer et 
al. (1970) evaluated 18 different crosses exposed to natural and artificial hardening off 
treatments and obtained more precise winter hardiness estimates of between 0.62 and 
0.89. These estimates were obtained after a winter that could be described as nearly 
optimal for the evaluation of freeze tolerance.  This same set of experiments evaluated 
the same genotypes that were allowed to naturally harden and the heritability estimates 
were between 0.56 and 0.87. 
 An experiment which estimated heritability of cold tolerance in barley was 
conducted by Rohde and Pulham (1960).  Bulks of F2, and F3 progeny of 18 winter barley 
lines adapted to different geographical locations around the world were crossed in a 
diallele.  All of the 18 lines were selected on the basis of being most winter hardy from 
China, Korea, Causcas, and the U.S.  These experiments provided five different tests of 
the bulk F2 progeny and four different tests of the F3 progeny making a total of 20 
different heritability estimates.  The heritability estimates from this work ranged from 
0.36 to 0.74.  The authors noted that these relatively high heritabilities should make it 
easy for breeders to make progress in this trait, and that this has not been the case.  Based 
on this observation the authors decided to separate the progeny based on their parent's 
known winter hardiness.  It was decided that the more winter hardy of these parents better 
represented the germplasm used by the breeders of the day.  Unfortunately, the 
heritability estimates from these parents and progeny were much lower with nine of the 
20 being less than one standard error from zero and the range being between 0.01 and 
0.48.  These results explain the difficulty barley breeders have experienced improving 
winter hardiness using a genetic base with so little variation for this trait.   
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  A study conducted by Sutka (1994) used two diallel crosses involving six and ten 
wheat varieties.  In the analysis of variance for combining ability variance due to specific 
and general combining ability were significant.  This indicated to these researchers that 
there was important additive and non-additive gene action in the inheritance of cold 
tolerance in these wheat populations.      
 More recently Kahraman et al (2004) were able to utilize SSR and ISSR markers 
to identify the putative locations of genes influencing cold tolerance in lentil.  This 
experiment evaluated the marker genotypes and winter survival of 106 F6 derived RILs 
in two locations and in two years.  Five independent QTL on 3 different linkage groups 
were identified across all testing environments.  However, only one QTL was identified 
across all environments.   
 Yamada et al. (2004) measured heritability of winter hardness traits in a cross 
between a parent described as "multiply" heterozygous pollinator and a double haploid 
female perennial ryegrass line.  Heritability estimates ranged from 0.30 to 0.90.  This 
study is included in this review because it aptly demonstrates how difficult heritability 
estimates can be to interpret.  This is because the broad heritabilities for survivability and 
heading date were 0.48 and 0.90.  However, according to the authors a strong correlation 
has been previously identified between these two traits.  Clearly the environments where 
the estimates were made had little influence on the expression of heading date but 
environmental effects were of a nearly equal magnitude to the genetic effects for 
survivability.  In this case it is not surprising because winter survivability in one season is 
measured after all the plants annual life cycle have been completed and the next cycle is 
beginning.  It would stand to reason that many physiological events would occur after 
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 heading which would influence survivability.  Therefore, the fact is that heritability 
estimates can be difficult to interpret, and which specific measurements, for example 
stolon size, are used to estimate the heritability of the broader trait of winter hardiness, 
can add to the confusion.   
Bermudagrass and Bermudagrass Breeding 
 Bermudagrass is the most common name for many of the species in the genus 
Cynodon.  These species posses the C4 photosynthetic pathway and have been naturally 
adapted through evolution to thrive in hot relatively dry climates. The sod forming 
growth habit of bermudagrass makes it a popular choice for many turf applications 
including home and institutional lawns, parks athletic fields and golf course fairways, 
tees, putting greens and roughs (Beard, 1973).  The rhizomes and stolons which comprise 
this sod are also the winter survival organs in those species and genotypes which exhibit 
winter hardiness.  The northern limits of the species' adaptation are primarily the result of 
this warm season grass' inability to avoid winter dormancy and (or) winter kill.  In some 
cultivars growth can be halted at a temperature as high as 15.6˚C, followed by browning 
of the foliage at 10˚C (Emmons, 1984).  
 Cynodon spp. (bermudagrasses) are recognized as being both drought and salt 
tolerant (Carrow, 1996, Harivandi et al., 1992).  It has been reported that many of the 
genes expressed during water deficit stresses, which include salt stress are also induced 
by freezing temperatures (Buchanan et al., 2000).  Therefore, logic infers that 
bermudagrass species have the genetic potential for improvement of cold tolerance as 
well.    
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  Two bermudagrass species, C. dactylon var. dactylon and C. transvaalensis, as 
well as the hybrid of these two species, are important sources of germplasm for the 
development turfgrass cultivars.  In both of these species genotypes with superior turf 
quality have been observed.  Additionally, within these species genetic variation has been 
observed for tolerances to biotic stresses (Baird et al., 1997; Martin, 1994; Quinsberry, 
1990; Reinhart, 1982; and Wells, 1963), as well as abiotic (Beard et al., 1980; Dudeck et 
al., 1985; and Francois, 1988; Anderson et al., 1988, 1993.).   
 Bermudagrass species are highly outcrossed in nature due to cross-pollination and 
a high degree of self-incompatibility (Taliaferro, 2003).  Indeed Kenna et al. (1983) 
reported selfed seed set in the range of between 0.5 and 3% in C. dactylon var. dactylon.  
The process of making controlled crosses in the field in the numbers sufficient for 
research into the genetics of the species is also difficult (Rodgers, personal 
communication).  Similar constraints hold true for C. transvaalensis and therefore 
interspecific hybridization has thus far been the most attractive alternative for the 
development of bermudagrass turf cultivars.   
 Initial efforts at improving bermudagrass turf have been focused on the 
development of clonally propagated cultivars.  However, establishment of these cultivars 
either through sprigs or sod is expensive and time consuming (Williams personal 
communication).  Consequently efforts have been ongoing in the area of developing 
improved seeded bermudagrass cultivars.     
 Bermudagrass has a base chromosome number of x = 9, with C. transvaalensis 
being a diploid and C. dactylon var dactylon being a tetraploid (Taliaferro, 2003). Harlen 
et al. (1970) reported that hybrids between these species are generally triploid and tend 
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 toward meiotic irregularity and high sterility.  These researchers noted that meiotic 
stability was most often seen in hybrids from parents of similar geographic origins and 
speculated that this was a function of varying levels of chromosome structure similarity.  
This observation indicates that the opportunity exists to develop 2n = 4x = 36 lines from 
clonally propagated self incompatible parents.  It should be noted here then that in 
addition to the challenge of developing cultivars with improved adaptability, breeders 
must also consider whether these improved cultivars are the progeny of parents that when 
crossed have good combining ability with respect to seed yield. 
 Progress towards improving bermudagrass for use in turf situations was first made 
by collecting ecotypes which were observed to be better adapted to stresses or to have 
superior agronomic traits.  Taliaferro (2003) wrote that turfgrass aficionados at the 
beginning of the 20th century from around the world began actively seeking 
bermudagrass germplasm with superior turf characteristics. Examples of these early 
collections are 'Bayshore', 'Everglades', and 'Ormond' (Hanson, 1972).  These varieties 
were selected as single plants and propagated vegetatively.  This form of cultivar 
development was in reality an example of man capitalizing on the forces of evolution by 
identifying superior genotypes that were assembled through natural selection.     
 The variety U-3 (Taliaferro, 2003) was selected from a population subjected to 
the force of "unnatural and unplanned selection".  Early putting greens in the southern 
U.S. were planted with seed from heterogeneous populations.  Many years of intense 
management of these greens resulted stands that lacked uniformity due to different 
genotypes within the population, response to intense management.  Conditions like these 
made possible the selection of  U-3 by Lester Hall in 1936 (Juska and Hanson, 1964).     
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  Formal bermudagrass breeding in the United States began in 1946 at Tifton, GA 
under the direction of Glenn Burton (Taliaferro 2003).  In the time period between the 
mid 1940s and mid 1960s many of the varieties released from this program required 
vegetative propagation.  Some of these like 'Tifway 419' are sterile because they are 
triploid interspecific hybrids between the species C. dactylon and C. transvaalensis.  
Others like 'Tufcote' are self sterile selections from heterogeneous C. dactylon landraces 
(Hanson 1972). 
 Developing seeded bermudagrass cultivars with acceptable winter hardiness has 
been one of the biggest challenges for the bermudagrass breeder (Williams personal 
communication). Bermudagrass turf established from seeded cultivars or landraces have 
generally been more susceptible to winterkill than cultivars established vegetatively 
(Philley and Krans, 1998) Whether this difference is simply a function of propagation 
method or genetics has not been studied.  However, the phenotypic variation reported in 
the literature (Anderson et al., 1988,1993; and Beard et al., 1980) was identified in both 
clonal varieties as well as the seeded landrace known as common bermudagrass.  
  In the specific area of turf improvement variations in survival must be made on a 
plant community basis.  For example, suppose a given cold treatment leaves a few turf 
grass plants perfectly healthy and the rest dead in a 1m2 plot, while the same treatment 
leaves all the plants in another plot severely weakened.  In this case the latter plot may be 
considered more winter hardy if the whole plot recovers, greens up, and achieves suitable 
turf quality and color earlier in the spring than the former.  Obviously survivability is 
required for winter hardiness. 
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  Recently breeders have had success breeding superiorly adapted seed propagated 
cultivars.  The first seeded bermudagrass cultivar 'Guymon', was released in 1983 
(Taliaferro, 1983).  This cultivar is the progeny of a two parent cross of the accessions 
9959 and 12156.  Guymon was developed as the result of the currently typical breeding 
strategy of recurrent selection for two or three cycles.  Superior clonally propagated 
parents are used as the base population.   In these breeding strategies each cycle begins 
with the progeny of open pollinated polycrosses being retained for the next cycle from 
superior selections (Fraser, and Rose-Ficker 2002a,b;. Samudio, and Brede 2002 a,b; 
Rodgers and Baltensperger, 2004,). The selection intensities used in the various public 
and private breeding programs producing modern seeded turf bermudagrass cultivars 
have been widely variable.  Accurate heritability estimates for highly efficacious 
selection traits could greatly enhance the effectiveness of breeding programs. 
 Reports in the literature concerning the inheritance of quantitative traits in 
bermudagrass are few.  Wofford and Baltensperger (1985) conducted a heritability study 
of other turfgrass traits in bermudagrass using variance component analysis.  Sixteen 
clones were planted in a polycross block replicated ten times.  All clones were typical of 
the tetraploid bermudagrass type. Eight of these clones were selected from these 
replications based on adequate seed production and subsequently removed from their 
blocks prior to progeny seed production.  The polycross progeny and parental sprigs were 
established in a randomized complete block design with four replications.  Two years of 
the turf quality traits color, density, mite resistance, clipping weight, leaf length, leaf 
width, regrowth rate, stem internode length, and stolon internode length data were 
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 collected.  Heritabilities were estimated using progeny and parent-offspring covariance 
analysis.      
 Heritability estimates from the different modes and traits analyzed varied widely.  
Broad-sense heritability estimates from a single year ranged from 0.83 to 0.99.  Narrow-
sense heritability estimates from the polycross family analysis ranged between 0.06 and 
0.94.  Heritability estimates from the parent-offspring covariance analysis ranged from 
0.00 to 1.22.  For many of the characters measured there was agreement between the 
narrow-sense heritability estimates obtained from progeny and parent-offspring 
covariance analysis.  The authors concluded from these results that for many of the turf 
characteristics evaluated a large portion of the total genetic variation was of an additive 
nature and that these characters could be improved by mass selection.   
 In a related study by Coffey and Baltensperger (1989), heritability estimates were 
made for shade tolerance traits in bermudagrass.  The germplasm sources and 
experimental design followed those used by Wofford and Baltensperger (1985).  Broad-
sense heritability estimates were 0.90 or higher for all five traits evaluated.  Narrow-sense 
heritability estimates ranged from 0.01 to 0.91.  These researchers concluded from their 
results that for at least two of the traits evaluated moderate to high narrow-sense 
heritability estimates combined with detection of large total genetic variances make 
recurrent or mass selection schemes adequate for efficient genetic gains to be realized.    
  Research has shown that at least two facets of cold tolerance are positively 
correlated (Wu et al., 2007) in bermudagrass.  Wu et al. concluded that the trait percent 
winter kill is highly negatively correlated to spring green-up indicating that accessions 
showing early spring growth had better winter survivability.  It is also likely that other 
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 quantitative traits are negatively correlated with cold tolerance.  Different sink organs of 
the plant will compete for the limited photosynthate synthesized by the source organs.  
The practical implications of this competition to the plant breeder is that genotypes which 
have prolific reproductive capacity, i.e. high seed yield, generally have less capacity to 
produce vegetative biomass.  Therefore if a bermudagrass breeder whishes to develop 
seeded cultivars, he or she must try to maximize both the plants vegetative and 
reproductive potential.  Correlations between seed yield and cold tolerance in 
bermudagrass have not been reported in the literature.  The objectives of this study were; 
1. measure the genetic variation between and within two generations  of a bermudagrass 
population for cold tolerance, as expressed in response to an artificial freezing treatment 
as well a natural (field) winter freezing treatment; 2. compare heritability estimates, 
predicted genetic gain and realized heritability, obtained from a natural winter freezing 
treatment and an artificial freezing chamber treatment, 3. investigate the potential 
correlation between  seed yield, stolon size, and turf quality with spring green-up and fall 
color retention. 
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 CHAPTER TWO 
MATERIALS AND METHODS 
Genetic Material  
 The genetic material tested in this study was a 54-clone synthetic population, 
'Kentucky Synthetic'.  This synthetic was developed by planting 500 spaced plants from 
diverse genetic backgrounds in a selection nursery at Lexington, KY.  After three winters, 
54 individual plants were selected and established in a polycross mating design in 
Maricopa, AZ in 2002.  The 54 clones were selected based on rapid spring green-up and 
the absence of spring dead spot disease at Lexington.  Seed was harvested from 
individual clones from the polycross block to generate 54 half-sib families., designated 
the progeny group (lines). 
 The parents and progeny lines were arranged in the field in a randomized 
complete block with four replications.  All plots were established at the University of 
Kentucky turf center in a native Maury silt loam soil.  The plot borders were treated with 
herbicide as needed to maintain plot integrity.  Irrigation was applied to during 
establishment and throughout the growing season prevent drought.  Urea (46-0-0) was 
applied as a fertilizer at 48.8kg ha-1 per growing month.  The plots were mowed five 
times a week at a height of 1.6 cm.   
 The parents were established from golf cup plugs on 22 June, 2004.  The 54 
clones were arranged in 1.49m-2 plots in a randomized block design with four 
replications.  Previous experience at the University of Kentucky turf center has shown 
that for accurate evaluation for cold tolerance, bermudagrass must be protected during the 
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 first winter subsequent to transplanting or sowing. Therefore, the plots were covered with 
straw following the first frost of 2004 in order to protect them from this first winter.  
 The progeny group of lines consisted of 54 half-sib families.  The seed for each 
family was collected in Maricopa, AZ from two replications of the parental clones and 
bulked.  These plots were arranged in a polycross mating design with two replications.  
Seed yield data was collected for the parental lines.  The management practices used to 
generate the progeny seed were typical of bermudagrass seed production in Arizona.  A 
total of 4.93 m3 x 103 of water and 54.43kg of actual nitrogen were applied to the 
polycross block. 
 The progeny groups were established at the UK turf center in plots adjacent to the 
parent plots on Jun 27, 2004.  The progeny plots were covered with a landscape 
germination fabric following sowing until the seed had completed germination. 
 For the artificial freeze treatment the same parent and progeny lines were 
established 6 x 6 cm pots in a greenhouse.  The soil media was a 1:1 mixture of 
fumigated Maury silt loam from the University of Kentucky experiment station, and 
Promix® potting media. The greenhouse was maintained at a daytime temperature of 
29.5°C and a nighttime temperature of 21°C.  The pots were fertilized once a week with 
Peter’s Professional ® 20-10-20 fertilizer. Supplemental light was provided by 1000 watt 
high pressure sodium lamps with a day length of 18 hours.  
Establishment of the parents was from cuttings taken from each plot in one of the 
parental replications in the field.  The cuttings were placed in a greenhouse mist chamber 
for seven days to facilitate root formation.  The progeny plots were established from 
remnant seed left over after the field plots were sown.  For two progeny lines no remnant 
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 seed was available.  For these lines 54 separate cuttings were taken from those two lines 
corresponding plots in the field. Because the progeny lines are half-sib families the 
cuttings were sampled using a grid in order to try to maximize the genetic variability 
represented in those plots.  Cuttings of Princess 77 and Riviera were included in the 
freeze chamber test as negative and positive controls respectively.   
After four months of establishment in the greenhouse six plants were transferred 
from each pot into 150 ml conetainers®.  The plants in the containers were then allowed 
an additional four weeks to acclimate to the conetainers before being subjected hardened 
off in a 4°C constant temperature cold chamber.  Light was provided by two 40 watt 
fluorescent lamps hanging 20 cm from the plant canopy.  Day length was 12 hours.  The 
plants where hardened for one week prior to being subjected to the freeze chamber. 
Response Variables and Analyses 
 The traits evaluated, year of evaluation, and method of data collection are 
summarized in Table 1.  All plots were observed weekly in the spring beginning on 2 
April in 2006 and 22 April in 2007, in order to monitor two components describing the 
plots ability to recover from their dormant state.  For the purposes of this study, these 
values were used in the form of means and repeated measures as indicators of cold 
tolerance. On each of these dates the plots were rated on a scale of 0 = no green foliage, 5 
= 50% of the plot was green, and 10 = 100% of the plot was green.  Values for all 
consecutive observations were averaged in order to calculate yearly means, and 
correlation coefficients for winter hardiness scores.  These means were also used in a 
mixed model for estimations of heritability for winter hardiness.  In this study winter 
hardiness is meant to describe the population's response to a particular winter.  The mean 
 22
 of the thirteen consecutive observations was considered to be a snapshot of the entire 
period of time from the earliest growth until the plots had fully greened-up  
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 Table 1. Year and method of evaluation for turfgrass traits of parental and half-sib 
progeny bermudagrass lines at Lexington, Kentucky. 
Year Trait Method of Evaluation† 
2002 Seed yield A - clean seed weight per plot (gm.) 
2005 Chlorophyll content A - center of plot with back to sun at 
 12:00 on 15, July 
 Color retention‡ A - as previously described beginning 
19, September 
 Fall dormancy A - as previously described 
2006 Chlorophyll content A - as previously described;  
 Rated 20, July 
 Color B - 0 least pleasing color, 10 most 
 pleasing color 
 Color retention‡ A - as previously described beginning 
 2, October 
 Density C - 0 least dense, 10 most dense 
 Fall dormancy A - as previously described 
 General appearance D - 0 least pleasing appearance, 10 
 most pleasing appearance 
 Spring green-up§ E - 0 100% dormant, 10 100% green 
 
 
Texture 
Stolon size 
F - 0 most coarse, 10 most fine 
G - internodal diameter (m.m.) 
 Winter hardiness H - 0 slowest to green-up, 10 fastest to 
 green-up 
2007 Color B - as previously described 
 Density C - as previously described 
 Freeze response I - 0 < than 29 days until new growth, 
 10 > than 4 days until new growth 
 General appearance D - 0 least pleasing appearance, 10 
 most pleasing appearance 
 Spring green-up§ E - as previously described 
 Texture F - as previously described 
 Winter hardiness H - as previously described 
† A. Chlorophyll index value of 30-400 as measured by the FieldScout ® 1000. B. Visual 
rating with a scale of 1-9. C. Mean of 13 consecutive green-up estimations beginning on 
2 April in 2006 and 22 April in 2007. D. All 54 parent clones and 54 progeny lines 
exposed to 13 replications of artificial winter freeze treatments. E. Three apparently 
largest stolons from 1 golf cup sample from each plot. ‡Color retention observations 
were made at weekly intervals for 11 and 6 weeks for the years 2005 and 2006 
respectively. §Spring green-up observations were made weekly for 13 weeks in both 
2006 and 2007. 
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 and was called winter hardiness.  To test for significant differences in winter hardiness 
between the lines within each group PROC GLM of SAS (SAS Institute 2003) was used.  
Covariance estimates for winter hardiness were obtained from PROC MIXED of SAS 
(SAS Institute 2003). The model used was Xif=µ+i+βij where I are constants associated 
with the fixed effects of blocks and βij are random variables associated with the lines.   
 The thirteen consecutive observations were used in a split-plot in time analysis for 
the estimation of heritability of spring green-up as described by Wofford and 
Baltensperger (1985).  In this study spring green-up is intended to describe the 
populations' rate of spring green-up after a particular winter.  The model; Yijk =µ + i + βj 
+ (β)ij + Ýk + (Ý)ik + (βÝ)ik + (βÝ)ijk + Єijk was a split plot in time mixed model where 
i, βj , and (β)ij represent the whole plot and correspond respectively to blocks, main 
treatments, and whole plot error.  The Ýk + (Ý)ik terms represent the subplot and 
corresponds respectively to the subplot treatment, and the interaction of blocks and 
treatment.  Finally the (βÝ)
ik
 + (βÝ)
ijk
 terms correspond to the line by subplot interaction 
and the three way interaction of line , block and subplot.  The mixed procedure from SAS 
9.1.3 was used to analyze the mixed model. To estimate variance components, the 
experiment was analyzed as a split-plot in time. The weekly measurement was treated as 
a subplot factor. Considering the fact that there were more than two repeated measures, 
the compound symmetry assumption was verified. Assuming compound symmetry, the 
repeated measure was treated as a subplot factor. The variance component estimation was 
conducted for parent and progeny groups separately. The split-plot estimates incorporate 
the variability among the weeks, whereas averaging over the weekly measures does not. 
In the split-plot analysis, we are able to estimate variability involving the weekly 
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 measures. This model assumes that, for an individual observation, each of the weekly 
measures is equally correlated. Thus, the model is viewed as a “split” in time.  The two 
parental plots that did not survive the winter of 2005 - 2006 were considered missing in 
2007.       
 In order to quantify a measure of fall dormancy, all plots were observed weekly in 
the fall for the purpose of monitoring the rate at which the plots achieve dormancy.  The 
observations were made using a FieldScout® CM1000 chlorophyll meter which gives a 
reading in relative chlorophyll units from 0 - 999.  This device measures the absorption of 
770 nm light relative to the reflectance of 840 nm light.  Light having a wavelength of 
840 nm is not altered by leaf chlorophyll and is an indicator of how much light is 
reflected by morphological characteristics in the plot's canopy.  Thus this instrument can 
be used as an accurate and precise quantifier of the relative greenness of plots of the same 
species. Plots were measured for chlorophyll index for eleven consecutive weeks 
beginning on 19 September in 2005 and for six consecutive weeks beginning on 2 
October in 2006. Plots that did not survive the winter of 2005, 2006 were considered 
missing in the fall 2006 data.  These eleven observations in 2005 and six in 2006 were 
used in a split-plot in time analysis for the estimation of heritability of color retention as 
described by Wofford and Baltensperger (1985). In this study fall dormancy is meant to 
be a measure of the rate at which the plots achieved complete dormancy.  The same 
mixed model split in time used for spring green-up was used to estimate the covariance 
parameters for the heritability of fall dormancy. 
 Values for all consecutive observations for fall dormancy were averaged in order 
to calculate standard errors, and correlation coefficients fall color retention scores.  To 
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 test for significant differences between for color retention the lines within each group 
PROC GLM of SAS (SAS Institute 2003) was used.  Covariance estimates were obtained 
using PROC MIXED of SAS.  In this study color retention is intended to describe how 
much green color the plots retain over the entire period of acclimatization.  
 Subjective visual ratings for four turf quality characteristics were taken once on 2 
August in 2006 and on 20 July in 2007.  The four traits rated were color, density, texture 
and general appearance. The scoring scale used was a zero to ten with zero being the least 
favorable and ten being the most favorable.  The use of the standard NTEP one to nine 
scale, for traits scores was contemplated.  However, it was decided that a conversion to 
this scale would bias the genetic variance parameter in a downward direction.  Plots that 
did not survive either winter were considered as missing plots in the subsequent year's 
rating. To test for significant differences in these turf quality characters between the lines 
within each group PROC GLM of SAS (SAS Institute 2003) was used.  Covariance 
estimates were obtained from the mixed model analysis.    
 Stolon diameter measurements were taken on one golf cup sample taken from the 
each plot on 15 November 2006.  Three parental plots could not be sampled due to lack 
of sufficient biomass.  Measurements were taken using a machinist's digital micrometer 
on the three apparently largest stolons from each cup. Thus, three samples from four 
replications were available for analysis for each of the 54 parental clones and progeny 
families.  Means of these three samples were used in the calculating standard errors and 
correlation coefficients.  To test for significant differences in stolon diameter between the 
lines within each group PROC GLM of SAS (SAS Institute 2003) was used.  Covariance 
estimates were obtained from the mixed model analysis.    
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  Freeze response was measured as a function of the genotypes ability to survive a 
single severe artificial freeze event.  The temperature curve used in the freeze chamber 
experiment was arrived upon after a preliminary trial using Princess 77 and Riviera.  
Several temperature curves starting at 4°C and going down to -7°C were tried.  The curve 
that resulted in 70% of the Rivera plants surviving and 70% of the Princess plants dying 
was used.  The temperature curve was as follows: 4°C down to -7°C at 1°C per hour, hold 
at -7°C for five hours, and then back up to 20°C at 1°C per hour.  The chamber contained 
no lighting the plants were then returned to the greenhouse and observed for regrowth for 
four weeks.   
The days to regrowth values were transformed into score as follows: < 4 days = 
10, 4-6 days = 9, 7-9 days = 8, 10-12 days = 7, 13-15 days = 6, 16-18 days = 5, 19-21 
days = 4, 22-24 days = 3, 25-27 days = 2, 27- 29 days = 1 and > 29 days = 0.  Fifteen 
replications of the freezer treatment were performed.  To test for significant differences in 
the freeze responses between the lines within each group PROC GLM of SAS (SAS 
Institute 2003) was used.  Covariance estimates were obtained from the mixed model 
analysis.  Heritability estimates were generated using covariance analysis model as 
described by Wofford and Baltensperger (1985).   
In order to investigate the strength of correlation between seed yield and turf 
quality traits, seed yield data (of the parents) was kindly provided by Seeds West.  This 
yield was measured at summer and fall harvests of 2002 were analyzed separately and 
averaged.  Seed yield measurements were taken from two replications.  Proc CORR of 
SAS was used to compare the seed yield measurements with the other characters 
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 investigated.  Pearson correlation coefficients were determined by using PROC CORR of 
SAS (SAS, 2003). 
Potential genetic improvement was also assessed using modifications of the 
realized heritability equation.  Selection differentials were calculated for all traits using 
the equation: selection differential = xs(07) - xall54(07) / xs(06) - xall54(06) and xs(06) - xall54(07) / 
xs(06) - xall54(06)  .  The top performing 11% of each group constituted the 'selected' 
individuals in these analyses. 
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 CHAPTER THREE 
RESULTS AND DISCUSSION 
Phenotypic Variation 
Means, ranges of means, and their associated F values for the scored observations 
are shown in Table 2.  The ranges of progeny observations for eight of the ten scored 
character dates fell within these ranges for the parents.  The remaining two progeny 
ranges were equal to those in the parent group.  The progeny range for general 
appearance 2006 was skewed on the upper end.  The parent range for texture 2006 was 
skewed towards the lower end.   
Means, ranges of means, and their associated F values for the measured 
observations are shown in Table 3.  For the six measured character dates only progeny 
ranges for two of the six were outside those same ranges in the parent group.    
For the parent clones significant differences were detected on all dates for three of 
the ten traits scored.  In the progeny group the means for one of the ten character dates 
was highly significantly P = (0.01) different.  The character dates that did show 
significant differences in the progeny group was color 2006.  Two of the 12 measured 
character date means showed significant variation within the parent group (Table 3).  
These were chlorophyll content 2006 and seed yield.  In the progeny group there was 
significant phenotypic variation for freeze response.  One might expect that the lines 
within the two groups to respond similarly to an artificial freeze treatment as compared to 
a natural freeze event.  Winter hardiness scores in this experiment are a measure of the 
population's response to natural freezing events.  They can therefore be described as the 
natural analogue to the artificial freeze treatment.  The fact that the lines within the  
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 Table 2. Means, ranges of means (over replications), standard errors, and F values of 
scored traits in parental clones and progeny half-sib families of bermudagrass.  
Parent         
Trait    Year Mean ± SE† Range F value‡ 
Color 2006 5.3 ± 1.9 2.0-9.3 4.06** 
 2007 5.9 ± 1.4 3.5-8.0 2.48 
Density 2006 
2007 
5.1 
6.1 
±
±
2.1 
1.9 
2.0-8.75 
1.0-8.5 
5.11 
2.23** 
General 
 appearance 
2006 
2007 
5.1 
6.4 
±
±
2.2 
2.0 
2.0-8.75 
3.0-10.0
4.97 
1.8 
Texture 2006 7.2 ± 1.8 4.0-10.0 5.98 
 2007 7.1 ± 1.8 4.0-10.0 3.81 
Winter 
 hardiness § 
2006 
2007 
6.3 
4.7 
±
±
1.1 
2.8 
3.9-7.7 
1.7-7.7 
6.03** 
1.45 
Progeny       
Color 2006 5.2 ± 1.9 2.0-9.25 13.14** 
 2007 5.9 ± 1.5 4.0-8.0 1.18 
Density 2006 5.1 ± 2.2 1.7-8.75 5.47 
 2007 6.4 ± 1.3 5.0-7.5 0.80 
General 
 appearance 
2006 
2007 
7.2 
6.1 
±
±
1.8 
1.8 
4.0-10.0 
2.0-8.3 
6.09 
1.19 
Texture 2006 5.1 ± 2.1 2.0-8.8 5.30 
 2007 6.7 ± 1.3 5.0-9.0 1.62 
Winter 
 hardiness § 
2006 
2007 
6.3 
4.9 
±
±
0.6 
1.9 
5.4-7.1 
2.9-5.5 
4.45 
0.91 
* = 0.05  
** = 0.01 
† Standard error of the genotype mean. 
‡ F value indicates significant differences between individuals within a group. 
§ Mean of all weekly sequential ratings. 
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 Table 3. Means, ranges of means (over replications), standard errors, and F values of 
measured traits in parental clones and progeny half-sib families of bermudagrass. 
Measured 
 traits 
Year Mean ± SE† Range               F value‡ 
Parents      
Chlorophyll 2005 242.95 ± 75.72   147.75-326.75    1.19        
 content 2006 301.37 ± 92.98   90.25-390.75      2.09** 
Color 
 retention§¶ 
2005 
2006 
189.82 
200.40 
± 
± 
22.05 
28.99 
  152.38-230.23    2.67 
  164.32-229.81    1.11 
Freeze response 2007 4.1 ± 3.6   2.5-4.5                1.16 
Seed yield gm. 2002# 11.13 ± 16.0   0.150-42.357      4.73** 
Stolon size m.m. 2006 1.454 ± 0.014   1.244-1.70           1.31 
Progeny      
Chlorophyll  2005 254.91 ± 59.29   187.38-341.75     0.99 
 content 2006 385.08 ± 54.12   331.88-450.75     1.29     
Color 
 retention§¶ 
2005 
2006 
194.11 
216.61 
± 
± 
18.44 
18.69 
  177.11-225.86     1.67 
  199.63-235.94     1.40 
Freeze response 2007 3.7 ± 3.4   1.1-7.4                 3.11** 
Stolon size m.m. 2006 1.415 ± 0.186   1.151-1.638         1.85 
      
* = 0.05  
** = 0.01 
† Standard error of the genotype mean. 
‡ F value indicates significant differences between individuals within a group. 
§ Mean of all weekly sequential ratings. 
¶ Chlorophyll index measures as the ratio of 770 nm light absorbed to 840 nm 
reflected.   
# Seed yield measured in the summer and fall of 200in Maricopa, AZ. 
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 progeny group were found to be significantly different with respect to freeze response, 
but were not found to be highly significantly different for winter hardiness, is a clue that 
these two methods of screening for cold tolerance are not equally effective in the progeny 
group.  However, it should be noted here that it is possible that covariance analysis could 
reveal significant genetic variation even in the absence of no significant differences 
between the individual's overall means.       
The detection of significant phenotypic variation within a population for a 
particular trait is the first indication to the breeder that improvement for a particular trait 
is possible in a given population.  The data presented in Tables 2 and 3 indicate that all 
the character dates which have significant or highly significant variation within the 
groups could possibly be improved if selection were practiced on that group.  However 
these data can not differentiate between the influences of genetic or environmental effects 
in the variation seen in these significantly variable character dates.  The significant 
variation seen in most of the traits measured is the result of some combination of 
environmental an genetic factors.   
Tables 2 and 3 show that in general the progeny group has fewer significantly 
variable character dates.  This generality would have been easy for even a casual observer 
to note with a quick viewing of the plots.  The progeny plots simply looked more uniform 
for all the traits measured.  This trend might be explained by the genetic makeup of the 
parental and progeny families.  Recall that the progeny families were half-sibs and were 
established from seed.  Theoretically genes from all of the 54 parental genotypes could be 
represented in each half sib family.  Therefore it is not unreasonable to predict that this 
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 genetic heterogeneity in the progeny population caused variation for the traits measured 
to be less discernable.    
Variance Components 
 The genetic variance was highly significant for 14 of the 16 character dates 
measured once annually among the parent group (Table 4).  These results indicate that for 
these traits improvement for these characters should be possible with traditional breeding 
procedures.  The one character date that did not have a significant genetic variance was 
stolon diameter.  For this character it was only possible to sample one cup per plot from 
one year due to small plot size.  It can be inferred that because the genetic variance in the 
progeny lines for this character was significant that more sampling of the plots might 
likely reveal significant genetic variation in the parents.  The genetic  variance was highly 
significant and relatively large in magnitude for winter hardiness in 2006 in the parent 
group compared to the other traits.  
 The genetic variance estimate for freeze response was significant in the parent 
group.  The highly significant genetic variance component estimate for freeze response is 
additional evidence that indicates that this artificial freezing treatment has the potential to 
reveal genetic differences in the parent population's response to this severe freeze.  Recall 
that there were no significant phenotypic differences among the lines in the parent group 
for freeze response.  Taken together these two results demonstrate that sometimes it is 
possible to estimate a significant genotypic variance in a population that did not appear to 
have significant phenotypic variation for a particular trait.   
 The genetic variance for chlorophyll content was significant in the parents in 2006 
but not 2007.  However, the genetic variance components for color retention 2006 in the  
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 Table 4.  Estimates of variance components and their associated F value for turf traits in 
parental clones and half-sib progeny lines of bermudagrass.   
Trait Year† Generation 2G           F value 2E                
Scored traits       
Color 2006 Parent 0.582  2.64** 1.401 
  Progeny 0.157  1.32 1.987 
 2007 Parent 0.576  2.48** 1.397 
  Progeny 0.087  1.18 2.143 
Density 2006 Parent 1.120  2.51** 2.946 
  Progeny 0.0‡  n/a 1.699 
 2007 Parent 0.886  2.23** 2.827 
  Progeny 0.0‡  n/a 1.703 
General 2006 Parent 0.586  1.71** 3.284 
 appearance  Progeny 0.104  1.22 2.955 
 2007 Parent 0.701  1.80** 3.243 
  Progeny 0.120  1.19 3.076 
Texture 2006 Parent 1.386  4.08** 1.787 
  Progeny 0.282  1.80** 1.417 
 2007 Parent 1.430  3.81** 2.609 
  Progeny 0.272  1.62** 1.480 
Winter 2006 Parent 0.693  6.03** 0.551 
 hardiness  Progeny 0.183  4.45** 0.212 
 2007 Parent 1.490  11.67** 0.549 
  Progeny 1.082  1.84** 5.142 
Measured traits       
Chlorophyll 2005 Parent 275.8  1.21 5189.5 
 content  Progeny 0.0‡  0.99 3097.7 
 2006 Parent 1144.9  2.09** 4709.7 
   Progeny 153.4  1.29 2059.5 
Color  2005 Parent 133.47  2.65** 323.73 
 retention  Progeny 37.56  1.67** 223.55 
 2006 Parent 247.05  1.78** 1274.99 
  Progeny 9.412  1.13 293.15 
Freeze  2006 Parent 0.965  2.51** 1.28 
 response  Progeny 0.030  1.05 1.26 
Stolon 2006 Parent 0.003  1.31 0.033 
 size  Progeny 0.006  1.85** 0.028 
       
*,** Mean square associated with variance component was significant at the 0.05 and 
0.01 based on analysis of variance F tests. †Multiple observations per year averaged for 
winter hardiness and fall dormancy; all other traits were measured once per year.  
‡Negative REML estimates are reported by SAS as zero. 
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 parents were found to be significant while no significant phenotypic differences between 
the parental lines were detected for this trait.  PROC GLM of SAS was used to determine 
significance between the lines within the groups.  The model statement used instructed 
the software to simply compare the variation in the means with block considered to be a 
fixed effect.  The model statement in the mixed model analysis contains the variable 
block in so that the software knows to partition the variance components into the fixed 
replication effects and random line effects.  Simply put the lack of a significant 
phenotypic difference between the lines within a group does not necessarily mean that 
partitioning of variance in a mixed model will not detect significant genetic variance 
components.       
 The genetic variances among the progeny group was significant for six of the 16 
character dates measured once annually including winter hardiness in both 2006 and 2007 
(Table 4).  This indicates that additive genetic effects account for a substantial portion of 
the phenotypic variability for these six traits.  Therefore, breeding strategies that employ 
recurrent selection procedures should be effective in improving the performance for these 
six traits in the progeny group. As expected, the genetic variance component estimates 
were numerically smaller for all characters measured in both years in the progeny group 
compared to the parental group.  Density in both 2006 and 2007 was reported by SAS to 
have a genetic variance of 0.0. The environmental variance component for density was 
quite low as well when compared to those of the parents for density.  It is not statistically 
appropriate to speak of the significance of the environmental variance in this case but a 
comparison of the magnitudes of this variance between the groups might be revealing.  
The fact that the genetic and environmental variance within the progeny were lower than 
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 in the parents indicates that the progeny were simply more homogeneous for this 
particular phenotype.  As in the parents the genetic variance calculated in the progeny for 
winter hardiness were among the highest of all the traits measured or rated.    
 The genetic variance measured in the progeny for freeze response was low at 
0.030 and not statistically significant.  However, the genetic variance was found to be 
highly significant at 0.965 in the parental group.  As in the field experiment the parental 
group was established in the greenhouse from cuttings, while the progeny were 
propagated from seed. If this experiment were repeated in the future it might be prudent 
establish both groups from cuttings in order to eliminate propagation as a potential 
confounding factor.  Results from an experiment that removed this potentially 
confounding factor could possibly shed light on the question of why the parental and 
progeny groups were found to have different genetic variance components.  Specifically, 
was it propagation method, or heterogeneous versus homogeneous population type that 
contributed to the different genetic variance estimates in the two groups?       
 Covariance analyses of fall dormancy and spring green-up were also conducted 
using a split plot in time model.  In both years the genetic variance parameters were 
highly significant for the parents for both fall dormancy and spring green-up (Table 5).  
For fall dormancy the genetic variance was significant at the =0.05 in the progeny group 
in 2005 and not significant in 2006.  The genetic variance parameters estimates for spring 
green-up were highly significant for the parents and progeny in both years.  All the 
variance estimates for the interaction terms were significant except 2Gy   for the fall 
dormancy progeny 2005 and 2GB  in both parent fall dormancy 2005 and progeny fall 
dormancy 2006. 
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  The important results from tables 4 and 5 is that most of the character dates 
showed significant or highly significant genetic variance component estimates.  These 
results are further indication that progress can be made toward improving these traits 
where significant genetic variances have been estimated. 
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Table 5.  Estimates of variance components and their associated F value for spring green-
up and fall dormancy in parental clones and half-sib progeny lines of bermudagrass 
observed in weekly sequential intervals. 
  
Trait Year Generation 2G    F value 2GD    F value 2GB   F value 2E
Fall 2005 Prnt 118.620 2.66** 163.310 1.18** 1.204 1.0 3547.730 
 dormancy  Prog 35.555 5.04** 221.05 1.11 149.430 3.02** 815.34 
 2006 Prnt 185.20 3.55** 355.130 1.37** 642.910 2.01** 3808.690 
  Prog 0† 1.32 80.786 1.23** 39.089 1.17 1505.290 
Spring 2006 Prnt 6.70 71.91** 0.298 2.99** 0.503 11.90** 0.597 
 green-up  Prog 0.177 25.58** 0.079 1.67** 0.175 5.76** 0.476 
 2007 Prnt 5.733 217.73** 0.320 1.86** 1.903 17.78** 1.482 
  Prog 2.647 100.35** 0.076 1.20** 0.937 9.05** 1.20 
*,** Mean square associated with variance component was significant at the 0.05 and 
0.01 based on analysis of variance F tests. †Negative REML estimates are reported by 
SAS as zero. 
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 Heritability Estimates 
 Heritability estimates for both measured and scored traits are reported in Table 6.  
Broad-sense heritability estimates were quite variable and ranged from a low of 0.265 to 
high of 0.895. Narrow-sense heritability estimates were also variable and ranged from 0 
to 0.885.  The heritabilities for stolon diameter were quite low at 0.267 and 0.50 for broad 
and narrow-sense respectively.  The heritability of stolon size characteristics has only 
been reported in the literature once.  Therefore there are few comparisons that can be 
drawn between them.  The stolon diameter heritability estimates reported here seem to be 
low compared to other heritability estimates of morphological traits reported in the 
literature.  Wofford and Baltensperger reported of heritabilities for stolon length of 0.96 
and 0.92.  Zhou et al (2006) reported broad sense heritabilities of 0.92, 0.79, 0.91, and 
0.78 for plant height in rice.  However, there are exceptions.  Charlie Rodgers (1996) 
reported heritabilities of 0.30, 0.19, 0.09, and 0.06 for plant diameter in two populations 
of seeded buffalograss. 
Comparisons between the narrow-sense heritability estimates of color and 
chlorophyll content showed that they were all quite low and ranged from 0 to 0.24. It is 
not surprising that these estimates would be similar because color in this experiment was 
subjective rating of what the chlorophyll meter is advertised to quantify.  Therefore, one 
might expect the two chlorophyll estimates to be similar.  Because color and chlorophyll 
content in this study had quite low narrow sense heritability estimates these traits are 
likely highly influenced by environment.     
 The low narrow sense heritability estimate of 0.09 for freeze response indicates 
that this selection treatment is not as effective in for identifying cold tolerant  
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Table 6. Heritability estimates  and predicted genetic gain for bermudagrass traits. 
Year Trait Mixed Model† Predicted Genetic Gain‡ § 
  H2                      h2    
2005 Chlorophyll content 0.175      0.0¶       n/a 
2006  0.493      0.230      21.85 
2006 Color 0.624      0.240        0.40 
2007  0.623      0.140        0.37 
2005 Color retention 0.594      0.394      12.75 
2006  0.415      0.0¶        n/a 
2006 Density 0.603      0.0¶        n/a 
2007  0.556      0.0¶        n/a 
2005 Fall dormancy 0.623      0.402      13.01 
2006  0.437      0.114         
Combined  0.573      0.265        7.32 
2006 Freeze response 0.751      0.087        0.52 
2006 General appearance 0.416      0.123        0.39 
2007  0.464      0.135        0.43 
2006 Spring green-up 0.801      0.749        0.84 
2007  0.380      0.024        0.08 
Combined  0.895      0.885         
2006 Stolon size 0.267      0.50        0.16 
2006 Texture 0.756      0.443        1.6. 
2007  0.687      0.423        0.97 
2006 Winter hardiness 0.834      0.775        0.87 
2007  0.916      0.457        1.54 
  †For color retention and spring green-up the mixed model was split in.
 time.‡Predicted genetic gain was calculated using a 11% selection intensity. 
 §.standard deviation used to calculate predicted genetic gain was calculated 
 from the standard error (Vp = std err x √n).¶Negative REML estimates are 
 reported by SAS as zero. 
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 bermudagrass genotypes as it is in oat (Marshall 1965, 1992; Livingston et al., 2004)  A 
low heritability estimate approaching zero of course means that very little genetic gain 
can be made in this population.  Narrow-sense estimates for winter hardiness were  0.775, 
and 0.457 for 2006 and 2007 respectively.  Based on this, it is a conclusion of this study 
that winter hardiness measures taken in the field more realistically demonstrate the 
genetic contribution to cold tolerance in this population capitalized upon by the efforts of 
researchers at Seeds West. 
 Generally it is assumed that low heritability estimates are the result of large 
phenotypic variability caused by variable environments or weather patterns.  
Alternatively, low heritability estimates indicate that there might be a small genetic 
component for that trait relative to the environmental effects.  When using the covariance 
method for estimating heritability, this environmental influence is indicated by a large 
residual variance component.  In this study it can be seen from Table 6. that these low 
heritability estimates for density were the result of negative genotypic variance 
components.  In fact the parent and progeny groups displayed similarly low levels of 
genetic variability when the parental clones are regressed on their half-sib progeny 
families.  Regression analysis for density 2007 of the progeny on the parents revealed a 
weak linear relationship between parents and progeny with a R2 value of 0.004 (Figure 
1).  This very low R2 indicates that a linear model is not a good fit for these data.  The 
slope or regression coefficient of a linear model times two is the heritability estimate 
when using parent offspring regression on a parent half-sib progeny population.  In this 
analysis the slope is -0.04.  In reality the heritability of a trait can not be less than zero.  
Therefore, the heritability estimate for this analysis -0.08 further indicates that parent  
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 Figure 1. Parent offspring regression for the trait turf density 07 in bermudagrass. 
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 offspring regression is not the most appropriate procedure for the evaluation of 
inheritance for these traits in this population.  All of the scored traits had relatively high 
broad and narrow-sense heritably except density.  Density was the trait that I found 
difficult to rate.  The vast majority of the plots appeared to be equally dense and these 
low heritability estimates bear out what was seen in the low covariance estimates for 
density in the progeny group.   
The highest narrow sense heritability estimate obtained for the four turf quality 
traits in either year was 0.443 and the lowest was 0.0.  When compared to the narrow-
sense heritability estimates for winter hardiness of 0.775 and 0.457; color, density, and 
general appearance could be described as being substantially less heritable.  The fact that 
winter hardiness was found to be highly heritable is good news for breeders wishing to 
extend northward the area where seeded bermudagrass can be used for turf.  The main 
priority for cultivar development in seeded bermudagrass has been to improve cold 
tolerance because this is the trait that has thus far prevented wide scale adoption of 
seeded varieties (Munshaw et al. 2001, Philley and Krans, 1998).  Therefore, my results 
indicate that this population has potential for improvement in this all important trait to the 
end-users of bermudagrass varieties.    
 For all traits with the exception of stolon diameter, narrow-sense heritability 
estimates were smaller than broad-sense.  Higher broad-sense heritability is expected 
because the genetic variance component used in the calculation of narrow-sense 
heritability is from the progeny group and therefore is used to estimate only the additive 
portion of the total genetic variance.  It should be noted that this expectation might not be 
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 valid for this study with respect to certain characters because of the two distinctly 
different methods of propagation for the two groups. 
 It is acknowledged that a comparison of characteristics between a population of 
clonally propagated genotypes and one that was established by seed might be confounded 
by the two differing propagation methods.  Plant to plant competition within a plot is 
probably different because there is really no practical way to insure that plants of the 
same age are planted at the same distance from one another.  Anecdotally, in this study it 
appeared that in the summer of establishment the plants within the parent plots spread 
outward to fill the plot from a more central position.  In the progeny plots the plants 
germinated and were basically evenly distributed throughout the plot.  Simply put the 
progeny plants did not spread to fill the plots and the parents did.  Therefore the 
competition forces described by Lush (1990) would not be consistent. It is not so 
surprising then that when measuring the organ the plant uses to spread (i.e. the stolon), 
propagation methods would influence the size of this organ.  I think that it is possible that 
the low variation in stolon diameter and density in the progeny group are at least in part 
the result of transplanted versus seed establishment.    
 At the outset of this research it was assumed that heritability estimates for winter 
hardiness and spring green-up would be useful in describing patterns of inheritance for 
the over-all characteristic; cold tolerance.  In 2006 narrow-sense heritabilities were 0.775 
and 0.749 (Table 5.) for winter hardiness and spring green-up respectively.  Conversely 
these same estimates were moderate to very low at 0.457 and 0.024 (Table 5.) in 2007.  
The unusual spring of 2007 weather could explain this.  On 4 April through 10 April the 
plots were exposed to six consecutive nights with below freezing temperatures (UK Ag. 
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 weather cntr., 2007).  The last day with freezing temperatures previous to 4 April was 19 
March.  In this 15 day period many of the plots had begun to come out of dormancy.   
 When the two years data were combined for spring green-up the narrow-sense 
heritability increased to 0.885.  This climb in heritability estimates with the addition of 
data is useful in confirming the plant breeder's maxim that more data is better.  If 
selections were made in both these years they would likely include different individuals.  
Clearly the genetic influence on spring green-up and winter hardiness was diminished or 
hidden by the unusual weather in 2007. 
 Researchers commonly use subjective scoring to rate the quality of turfgrass.  
Nine of the total 17 character dates showed significant genetic variation in this study.  
Objective measuring devices were used for only five of the character dates and of these 
three were either significant or highly significant.  These results indicate that the 
subjective rating of a trait is just as effective as objective measuring at identifying genetic 
variance.   
Heritability estimates are probably most useful when used to predict genetic gain.  
The predicted genetic gains further demonstrate that more progress is possible for all the 
character dates with the exception of color 2007 and density 2006, 2007. The veracity of 
the last statement should be tempered with a consideration of how much genetic gain is 
required in a breeding program with cultivar release as its goal.  The facilities and land at 
the UK turf center are available to commercial companies and public institutions for the 
evaluation of turfgrass entry's for the price of about $300 per plot (Williams personal 
communication).  This cost covers routine maintenance of the plots and data collection.  
If a ten percent selection intensity were to be applied that would mean that 500 plots 
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 would need to be evaluated at a cost of $150,000.  This then is the approximate cost of 
one cycle of gain.  
 In order to assess the value a breeder might have expected to get from one year of 
selection for a trait that was found to be highly heritable in this population, versus one 
that was found to not highly heritable; we must translate genetic gain into measured 
improvement.  The predicted genetic gain if selection for winter hardiness were practiced 
on the progeny group in 2006 is 0.87.  This number is 14% of the population mean.  
From the raw data I can estimate that it took 6.3 weeks for half of the progeny plants to 
come completely out of dormancy.  When we add 14% to this mean time period we get a 
shortening of time to complete cover of 0.9 weeks or 6.2 days. 
 We can do these same calculations for the less heritable trait in the progeny 
group, color retention to see how many days we can extend green cover in the fall.  From 
the raw data I can estimate that it took 5.2 weeks for half the plots to arrive completely 
into dormancy.  The predicted gain for color retention in the progeny group in 2005 was 
12.75.  This number is 7% of the progeny group's mean for that trait.  This time to access 
improvement we subtract 7% from the group's mean time to complete dormancy and get 
a reduction 0.34 weeks or 2.4 days.  If shortening spring green up is the priority for the 
breeder using this material for cultivar development then these spring green-up 
heritability estimates and the predicted genetic gain that comes from them are good news.  
If it extending green turf in the fall is the priority then maybe these heritability estimates 
and predicted genetic gain are not good news.      
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 Correlation Coefficients 
 A Pearson correlation coefficient matrix for all the single observation per year 
traits measured in 2006 is presented in Table 7.  For each group there are 36 pair-wise 
correlations.  Of these 36 correlations 17 were found to be significant in the parent group.   
Three of these 17 significant correlations were negative and the remaining 14 were 
significantly positive.  These three negative correlations are between winter hardiness 
with color, chlorophyll content with winter hardiness, and winter hardiness with general 
appearance.   The progeny group also showed significantly negative correlations for 
winter hardiness with color and winter hardiness with general appearance, but not 
chlorophyll content with winter hardiness.  These significantly negative correlations 
indicate that it would be difficult to improve winter hardiness along with color, 
chlorophyll content, and general appearance simultaneously in this population.  It has 
been stated previously in this dissertation that the improvement of cold tolerance is of the 
foremost priority for the more widespread acceptance of seeded bermudagrass varieties.  
These significantly negative correlation coefficients indicate that improving cold 
tolerance along with color and general appearance might be difficult.       
Significantly positive correlations were identified between freeze response and winter 
hardiness.  The correlation coefficients between these traits were 0.20 and 0.10 in the 
parent and progeny group respectively.  The high broad sense heritability of freeze 
response along with its significant correlation to winter hardiness indicate that this freeze 
chamber treatment might be a useful selection trait for improvement of winter hardiness 
in this parent group.          
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  Table 7. Pearson correlation coefficients for turfgrass characters in bermudagrass             
 parental clones and  half-sib families. 
 
* = 0.05, ** = 0.01,†1 = Color retention (C R); 2 = chlorophyll content (C C); 3 = winter 
hardiness (W H)l; 4 = color (Co); 5 =    texture (Tx); 6 = density 
(De); 7 = general appearance (G A); 8 = stolon size (S S); 9 = freeze response. 
                 Trait 
       Generation 
C R† 
 
C C W H Co Tx De G A S D 
1    Parent        
1    Progeny 
   
 
     
2    Parent        
2    Progeny 
0.36** 
0.63** 
       
3    Parent       
3    Progeny 
0.18** 
-0.40** 
-0.28** 
-0.01 
      
4    Parent        
4    Progeny 
-0.06 
-0.05 
-0.02 
-0.15* 
-0.11* 
-0.14** 
     
5    Parent        
5    Progeny 
0.17* 
-0.01 
0.06 
-0.01 
0.15** 
0.18** 
0.25** 
0.18** 
    
6    Parent        
6    Progeny 
0.16* 
0.21** 
0.08 
0.03 
-0.07 
-0.26** 
0.33** 
0.37** 
0.33** 
0.32** 
   
7    Parent        
7    Progeny 
0.17* 
0.16** 
0.10* 
0.04 
-0.20** 
-0.20** 
0.40** 
0.33** 
0.27** 
0.34** 
0.34** 
0.68** 
  
8    Parent        
8    Progeny 
0.09 
0.10 
0.03 
0.08 
0.06 
0.02 
-0.05 
-0.6 
0.04 
0.05 
0.02 
-0.02 
0.02 
-0.006 
 
9    Parent        
9    Progeny 
0.07 
-0.03 
-0.08 
-0.14* 
0.20** 
0.10* 
0.02 
-0.06 
0.01 
0.01 
0.04 
0.02 
0.05 
-0.04 
0.12 
-0.01 
     1     2     3     4     5     6     7     8 
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 Three of the 14 correlations that were found to be significantly positive in the 
parent group were color retention to chlorophyll content, color to general appearance, and 
density to general appearance.  Along with being significant and positively correlated the 
Pearson coefficients for these traits were also relatively high compared with the other 36.  
The positive relationship of color and density to general appearance is not surprising or 
particularly useful because color and density are components of general appearance.  The 
significantly positive correlation between chlorophyll content and color retention could 
be useful for indirect selection of color retention using chlorophyll content for two 
reasons.  The first of these reasons is that chlorophyll content was the quickest and easiest 
traits to either measure or rate.  I was able to measure all 864 plots used in this 
experiment in about 35 minutes.  Recall that this measure was only taken once each year.  
Second, this trait was measured in first two weeks in June making it possible to sample 
the selections and have time to transplant them into the field for the next round of 
polycrossing in a recurrent selection breeding scheme.  
It should be noted here that indirect selection of a trait by selecting on another 
significantly correlated trait is only useful if the selection trait is highly heritable.  The 
previously proposed method of indirect selection for color retention is based on 
correlation coefficients between parental traits.  In this case we can only consider the 
broad-sense heritability because this estimate comes from the covariance estimates 
calculated in the parents.  The broad-sense heritability of chlorophyll content in 2006 was 
only 0.493.  So this means that 49% of the phenotypic variability for chlorophyll content 
in this population is explained by the total genetic variability of this population; and 36% 
of the time we select for improved chlorophyll trait we also get improved color retention.  
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 Broken down this selection procedure might sound less attractive.  However, recall that it 
only takes about 35 minutes to screen for chlorophyll content.  If plot space for the next 
cycle of selection is not limited then the breeder could relax their selection intensity in 
order to play the odds in favor of selecting the truly genetically superior lines for both 
chlorophyll content and color retention.   
In the progeny group, 17 of the possible 36 correlation coefficients were also 
either significant or highly significant.  Five of these correlations were significant in the 
negative direction.  These were color retention with winter hardiness, chlorophyll content 
with color, winter hardiness with color, winter hardiness with density and winter 
hardiness with general appearance.  The significantly negative correlations of winter 
hardiness with color and winter hardiness with general appearance were also found to be 
significantly negative in the parent group. 
It is not surprising that color retention was found to be negatively correlated to 
winter hardiness.  In the time period when plant is preparing to enter dormancy which is 
called acclimatization, many genes are turned on which affect numerous biochemical 
changes in the plant (Moore et al 1998.).  Carbon skeletons and proteins are remobilized 
from the senescing shoots to the survival organs (in bermudagrass' case stolons and 
rhizomes).  These carbon skeletons and amino acids are some of the building blocks for 
the nonstructural carbohydrates and proteins that can act as antifreezes in cold acclimated 
plants.  It is logical to infer then that plants that begin this acclimatization sooner will 
have more time to remobilize these proteins and carbon skeletons and therefore be better 
able to withstand the forthcoming winter's low temperatures.     
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 The two significantly positive correlations highest in the progeny group which 
were color retention with chlorophyll content, and density to general appearance; were 
the second and third highest correlations in the parent group.  It is expected that the two 
groups would show similar trends in correlations because the progeny group are 
descended from the parental group.   
When comparing the two groups the color retention to winter hardiness 
correlation was found to be significantly negative in the progeny group and positive in 
the parent group.  This result is unexpected and difficult to explain considering the 
genetic relatedness of the two groups.  However it illustrates the point that the inheritance 
of quantitative traits involves genetic interactions.  It is conceivable that different loci are 
involved in the expression of color retention and winter hardiness in the two groups.  
Alternatively, it is possible that the same loci are involved but that there are more than 
two alleles at these loci and the two groups have different combinations of these alleles.  
Clearly many loci and or alleles provide ample opportunity for genetic interaction.          
 A Pearson correlation coefficient matrix for all the single observation per year 
traits measured in 2006 is presented in Table 8.  This matrix is of correlations for the 
same traits between the parents and the progeny.  This matrix is included so comparisons 
between the two different propagation methods of the two groups can be made.  This 
table is not included in order to make inferences about the inheritance of these traits. 
Of the nine traits in Table 8 five were found to be significantly correlated.  These 
traits were chlorophyll content, winter hardiness, texture, density and general appearance.  
The two traits that seemed to be most likely to be confounded by propagation method 
were assumed to be density and stolon size.  The correlation between the parents and  
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 Table 8. Pearson correlation coefficients between parental and progeny groups  of   
bermudagrass lines for turfgrass characteristics. 
  Generation 
               Prg
   Prnt 
 
C R† 
 
 
C C 
 
W H 
 
Co 
 
Tx 
  C R    0.06 
 
-0.02 0.06 
 
-0.07 
 
0.07 
 
  C C     0.14* 
 
0.43** 
 
-0.27** 
 
-0.05 
 
-0.13** 
 
  W H    0.05 
 
-0.63** 
 
0.86** 
 
-0.14* 
 
0.27** 
 
  Co      0.05 
 
0.15** 
 
-0.22** 
 
-0.06 
 
0.19** 
 
  Tx    0.001 
 
-0.02 
 
0.06 
 
0.17 
 
0.46** 
  De 0.06 
 
0.20** 
 
-0.13* 
 
0.29** 
 
0.23** 
 
  G A   0.06 
 
0.24** 
 
-0.31** 
 
0.28** 
 
0.17** 
 
  S S -0.18** 
 
-0.12 
 
0.12 
 
0.10 
 
0.11 
 
  F R -014* 
 
-0.13 
 
0.07 
 
0.27** 
 
0.10 
 
  Generation 
               Prg
   Prnt 
 
De 
 
G A 
 
S S 
 
F R 
 
  C R    0.04 
 
0.03 
 
-0.4 
 
0.07 
 
 
  C C     0.08 
 
0.02 
 
0.07 
 
0.06 
 
 
  W H    -0.23** 
 
-0.12* 
 
0.009 
 
-0.07 
 
 
  Co      0.31** 
 
0.30** 
 
-0.06 
 
-0.03 
 
 
  Tx    0.28** 
 
0.22** 
 
-0.04 
 
-0.05 
 
 
  De 0.43** 
 
0.38** 
 
-0.001 
 
0.01 
 
 
  G A   0.48** 
 
0.45* 
 
-0.02 
 
-0.01 
 
 
  S S 0.14* 
 
0.14* 
 
-0.01 -0.07 
 
 
  F R 0.09 
 
0.10 
 
0.01 
 
-0.12 
 
 
* = 0.05, ** = 0.01, †F D = Fall dormancy; 2C C = chlorophyll content ; W H = winter 
hardiness; Co = color; Tx =      texture; De = density; G A = general 
appearance; S S = stolon size; F R = freeze response. 
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progeny was not significant and nearly zero at -0.01 for stolon size.  However, density 
was found to have a highly significant correlation between the two groups.  I would not 
have expected that the density of the ratings of the parents would be indicators of the 
density ratings in the progeny.  Clearly this highly significant and relatively large 
correlation says otherwise. 
A Pearson correlation matrix between seed yield and nine turf quality traits is 
presented in Table 9.  Five of the nine traits were found to be significantly correlated to 
seed yield.  Four of these five significant correlations are in the negative direction.  These 
traits were density, general appearance, texture, and winter hardiness.  This is not 
unexpected and well illustrates a major impediment to the development of improved 
seeded cultivars in bermudagrass.  Many of the most promising crosses for turf quality in 
bermudagrass do not produce lines that are prolific seed producers (Rodgers personal 
communication).   
Table 9 also contains two unexpected results.  Freeze response was found to have 
a positively significant correlation to seed yield, while stolon size was not correlated at 
all with seed yield.  I would have expected similar correlations between seed yield to 
freeze response and seed yield to winter hardiness. I attribute the significantly positive 
correlation reported in Table 9 to the possibility that the artificial freeze treatment 
protocol I came up with was possibly not a very good predictor of this population's 
response to natural freezing events, but might be a good indicator of seed yield potential.     
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 Table 9. Pearson correlation coefficients for seed yield† and turf quality traits 2006 in 
parental bermudagrass lines.    
 
            Turf trait 
Seed yield    
               Chlorophyll content            0.004   
               Color     -0.173   
               Color retention     -0.157   
               General appearance     -0.307**   
               Density     -0.305**   
               Freeze response      0.408**   
               Stolon size      0.155   
               Texture     -0.358**   
               Winter hardiness     -0.270**   
    
†Seed yield was measured in 2002 in Maricopa, AZ. 
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 It was assumed at the outset of this research that stolon size would be a major 
factor influencing cold tolerance because stolon size has been reported to influence 
winter survivability in bermudagrass (D. Williams, 2004. personal communication;  
Dunn and Nelson, 1974).  This assumption was based on the logic that suggests that 
survival organs should compete for the plants energy reserves.  The results in Table 9 
indicate that there is no relationship at all between stolon size and seed yield.  The other 
turf quality traits that showed no significant correlation to seed yield were color, 
chlorophyll content, and color retention.             
Selection Differentials 
In Table 10 and 11 the top 11% of the parental lines for the scored traits are 
presented along with their mean scores.  The line 14-8 is in four of the ten scored 
selection groups.  The trait texture is remarkable in that there are three lines that appear in 
the selection groups for both years.  In all of these traits the mean for the selected group 
in the 2006 is higher to or equal to the means of the selected groups in 2007.  This is 
contrary to the parent population at large.  Recall from Table 2 that except for texture 
winter hardiness and general appearance, the means are higher for the traits in 2007. All 
the lines selected in 2006 had lower score for  all the traits except the line 11-4 for 
texture.  For the traits color, density, general appearance and winter hardiness, none of 
the lines selected in 2006 were among the top 11% in 2007.  
The line 8-14 appears in three of the six selection groups for the measured traits 
(Table 11).  The traits texture and color retention are remarkable in that they have three 
and four lines common to the selections for both years.   The lines selected in 2006 
performed similarly in 2007.  The trait color retention has four lines which are common  
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 Table 10. Means of scored turf quality traits for top 11% performing lines in parental                                
bermudagrass population. 
  Trait Selected 
lines 06 
                  
score 
               
07 score 
Selected lines 
07           
                        
score 
Color 14-8 9.3 7.0 5-4 8 
 2-2 8.5 6.0 4-17 8 
 4-10 7.8 5.5 3-11 7.5 
 9-17 7.5 7.0 12-15 7.5 
 15-21 7.5 6.0 13-1 7.3 
 8-18 7.0 6.0 9-6 7 
 mean 7.9 6.25  7.6 
      
     Trait Selected  
lines 06 
              
score 
             
07 score 
Selected lines 
07 
                        
score 
Density 1-11 8.8 5.5 14-8 8.5 
 2-11 8.5 5.0 8-18 8 
 19-5 8.3 4.5 8-14 8 
 5-7 7.5 7.0 3-11 8 
 17-20 7.5 5.5 12-21 8 
 15-15 7.5 4.5 9-6 7.5 
 Mean 8.0 5.3  8.0 
      
  Trait Selected 
lines 06 
                  
score 
             
07 score 
Selected lines 
07           
                        
Score 
General  19-5 8.8 5.5 5-4 10 
 appearance 2-11 8.5 3.5 11-20 9 
 1-11 8.0 5.5 3-2 8.5 
 5-7 7.8 6.25 3-20 8.3 
 17-20 7.8 6.0 13-8 8.3 
 15-15 7.3 6.0 3-8 8 
 mean 8.0 5.5  8.7 
      
     Trait Selected  
lines 06 
            
score 
             
07 score 
Selected lines 
07 
 
Texture 18-12 10.0 10.0 18-12 10 
 9-17 9.8 9.0 14-8 10 
 2-11 9.5 9.5 1-9 10 
 5-7 9.3 7.5 1-11 10 
 1-4 9.3 8.5 2-11 9.5 
 11-4 9.0 9.5 11-4 9.5 
 mean 9.5 9.0  9.8 
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 Table 10 cont. 
 
  Trait Selected 
lines 06 
                  
score 
                
07 score 
Selected lines 
07           
                   
score 
Winter 14-8 7.7 3.5 1-9 6.8 
 hardiness 18-9 7.5 4.4 10-10 6.6 
 3-2 7.5 6.0 18-3 6.4 
 15-15 7.5 3.5 13-8 6.1 
 13-19 7.4 5.4 3-11 6.1 
 9-17 7.4 2.9 12-12 6.1 
 mean 7.5 4.3  6.4 
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 Table 11. Means of measured turf quality traits for top 11% performing lines in parental                            
bermudagrass population. 
 
  Trait Selected 
lines 05 
                      
score 
               
06 score 
Selected         
lines 06         
                  
score 
Chlorophyll 8-14 326.8 363.3 1-9 390.8 
 content 5-17 320.8 271.8 18-3 383.8 
 6-5 316.1 344.6 8-14 363.3 
 14-12 307.8 343.8 15-15 361.0 
 3-8 293.9 266.6 9-19 359.0 
 18-12 285.5 258.5 4-10 354.3 
 mean 308.5 308.1  368.7 
      
     Trait Selected  
lines 05 
                 
score 
               
06 score 
Selected         
lines 06 
 
Color 8-14 226.8 223.4 15-15 229.8 
 retention 3-11 216.9 228.6 3-11 228.6 
 13-7 215.6 212.5 6-18 224.5 
 15-15 215.3 229.8 1-9 224.3 
 2-11 210.3 208.7 8-14 223.4 
 1-9 209.7 224.3 11-15 222.7 
 mean 215.8 221.2  225.6 
  Trait Selected 
lines 06 
                  
score 
   
Freeze 18-12 6.7    
 response 2-11 6.7    
 13-21 6.0    
 14-12 5.7    
 13-1 5.6    
 5-7 5.2    
 mean 6.0    
      
     Trait Selected  
lines 06 
  score    
Stolon  12-3 1.673    
 size 16-2 1.672    
 13-8 1.670    
 18-12 1.618    
 15-15 1.610    
 10-10 1.587    
 mean 1.638    
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 to both years' selection groups.  Both color retention and chlorophyll content means were 
higher in 2006 than in 2005. 
 Table 12 presents the means and selected individuals in the progeny group for the 
scored traits.  The lines 19-5 and 2-11 appear in four of the ten selection groups.  It is 
striking that the selections for density and general appearance are identical in 2006.  It 
would appear from that result that the person rating turf quality in 2006 place a large 
value on density as a component of the turf's overall appearance.  As was the case in the 
parent group, all five of the means for 2007 were lower than in 2006.  Additionally all the 
lines selected in 06 did not perform as well in 07 except 13-19 for winter hardiness.   
In Table 13 are presented the means and selected individuals in the progeny group 
for the measured traits.  Again it can be seen that both these color traits the scores 
improved between 2005 and 2006.  The means for the selected parents were higher for 
both stolon size and freeze response than they were for the selected lines in the progeny 
group.(Tables 11and 13). 
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 Table 12. Means of scored turf quality traits for top 11% performing lines in progeny                                
bermudagrass population. 
  Trait Selected 
lines 06 
                  
score 
            
07 score 
Selected 
lines 07      
                    
score 
Color 19-5 9.25 5.5 5-4 8.0 
 2-2 8.25 7.0 8-19 7.5 
 4-10 7.75 4.5 15-21 7.5 
 9-17 7.5 5.0 6-5 7.0 
 15-15 7.5 4.5 5-7 7.0 
 8-18 7 6.0 2-2 7.0 
 Mean 7.9 5.4 mean 7.3 
      
     Trait Selected  
lines 06 
             
score 
            
07 score 
Selected 
lines 07 
                     
score 
Density 14-8 8.8 7.5 3-8 7.5 
 2-11 8.5 6.0 3-2 7.5 
 1-11 8.3 5.5 14-8 7.5 
 5-7 7.8 5.5 14-12 7.5 
 18-12 7.5 5.0 5-17 7.3 
 15-21 7.5 6.0 5-12 7.3 
 mean 8.1 5.9 mean 7.44 
      
  Trait Selected 
lines 06 
                  
score 
            
07 score 
Selected 
lines 07      
                    
score 
General  14-8 8.5 7.3 19-5 8.3 
appearance 2-11 8.5 6.0 5-17 7.7 
 1-11 8.0 6.5 4-17 7.5 
 5-7 7.5 5.8 4-10 7.5 
 15-21 7.5 5.8 3-8 7.5 
 18-12 7.5 4.5 15-15 7.5 
 mean 7.9 6.0  7.7 
      
     Trait Selected  
lines 06 
             
score 
            
07 score 
Selected 
lines 07 
                    
score 
Texture 17-20 10 6.0 2-11 9.0 
 9-17 9.8 7.0 1-11 9.0 
 2-11 9.5 9.0 8-18 8.0 
 5-7 9.3 7.5 6-5 8.0 
 1-4 9.3 6.0 3-20 8.0 
 11-4 9 7.0 19-5 8.0 
 mean 9.5 7.1  8.3 
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 Table 12. cont. 
  Trait Selected lines 
06 
                
Score 
                 
Score 07 
Selected lines  
07           
            
score 
Winter 15-15 7.1 5.5 19-5 7.2 
hardiness 14-8 7.1 5.0 13-19 7.1 
 3-20 7.1 6.12 16-3 7.0 
 17-20 7.0 4.5 18-3 6.9 
 13-19 7.0 7.1 15-21 6.6 
 9-17 6.9 5.1 11-11 6.4 
 mean 7.0 5.6 mean 6.9 
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 Table 13. Means of measured turf quality traits for top 11% performing lines in progeny                           
bermudagrass population. 
  Trait Selected 
 lines 05 
                 
score 
    
06 score 
Selected       
lines 06         
                            
score 
Chlorophyll 8-14 341.8 419.0 11-15 450.8 
 content 10-10 306.9 355.9 15-15 430.6 
 7-11 300.1 383.1 13-7 428.9 
 5-7 295.6 426.8 4-10 428.5 
 12-15 295 332.2 5-7 427.3 
 1-9 295 356.0 13-8 423.3 
 Mean 305.7 378.8 mean 366.6 
      
     Trait Selected 
 lines 05 
          
 score 
                   
06 score 
Selected        
lines 06       
                    
score 
Color 8-14 226.0 226.1 13-7 235.9 
 retention 5-7 223.5 227.8 11-15 234.4 
 13-7 217.9 236.0 15-15 232.0 
 15-15 217.5 232.1 4-10 231.0 
 14-8 216.0 227.8 5-4 228.4 
 11-15 213.5 234.0 5-7 228.3 
 mean 219.1 230.6 mean 231.7 
      
  Trait Selected    
lines 06     
                 
score 
    
Freeze 13-1 6.1    
 response 1-9 5.7    
 11-11 5.5    
 13-21 5.2    
 13-8 5.1    
 5-7 5.1    
 mean 5.5    
      
     Trait Selected  
lines 06 
   score    
Stolon  15-15 1.638    
 size 9-19 1.627    
 4-17 1.583    
 11-4 1.581    
 18-12 1.579    
 4-10 1.576    
 mean 1.597    
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 Selection differentials were calculated and are presented in Table 14.  The 
selection differentials calculated using the means of the top 11% performing lines from 
2006 measured in 07 ranged from -0.65 to 1.0.  The trait with the highest selection 
differential was winter hardiness.  The trait with the lowest selection differential was 
chlorophyll content.  It is interesting to note that the means for the top 11% of the 
parental lines performed essentially the same in 2006 and 2007 for chlorophyll content 
while the selected lines performed substantially worse in 2007 for winter hardiness than 
in 2006.  The selection differential for color retention was also high in both the parents 
and the progeny.  Recall that color retention in this experiment was a measure of how 
long the plots remained green.  The difference in selection differentials between 
chlorophyll content and color retention indicates that many of the lines that had superior 
chlorophyll content did not retain their color as long into the fall as lines that were 
initially inferior with respect to chlorophyll content.      
  The selection differentials for the means of the top 11% performing lines 
measured in 2007 over the means of the top 11% of the lines measured in 2006 were all 
lower except for progeny chlorophyll content.  The selection differential for chlorophyll 
content was low in the progeny in this analysis because there simply was not much 
difference for that trait between the selected individuals and the population at large.  The 
highest of these selection differentials was for winter hardiness.  The selection 
differential for density in the progeny was quite low.  This is further indication that this 
trait at least in the progeny group would be very hard to improve through selection within 
this population.     
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 Table 14. Selection differentials for turf quality traits in bermudagrass progeny and               
parental lines. 
Trait      Generation  
           
                         Parents    
06 selections - 07 population 
06 selections - 06 population 
Color              0.10 
Density -0.28 
General appearance -0.33 
Texture 0.82 
Winter hardiness -0.33 
Chlorophyll content -0.65 
Color retention 0.82 
                        Progeny  
Color              -0.22 
Density -0.17 
General appearance -0.04 
Texture 0.17 
Winter hardiness 1.0 
Chlorophyll content -0.16 
Color retention 0.56 
           
                         Parents    
07 selections - 07 population 
06 selections - 06 population 
Color              0.615 
Density 0.66 
General appearance 0.73 
Texture 1.17 
Winter hardiness 1.42 
Chlorophyll content 1.02 
Color retention 0.98 
                        Progeny  
Color              0.48 
Density 0.33 
General appearance 0.57 
Texture 0.70 
Winter hardiness 2.86 
Chlorophyll content -0.48 
Color retention 0.60 
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 Summary Conclusions and Hindsight 
 Winter hardiness was found to be a highly heritable trait in this population.  
Additionally, the majority of all the traits measured in this population had significant 
genetic variation indicating there is potential for genetic improvement for them in this 
population.  Only broad-sense heritability was high for freeze response and though it was 
significantly correlated to winter hardiness, the correlation coefficient was low.   
 Heritability estimates and predicted genetic gain for freeze response indicate that 
this population would be more difficult to improve for this trait in the progeny group than 
in the parent group.  However, this heritability estimate is based on an artificial freeze 
treatment. Efficacy of this artificial screening method would only be high if this trait 
were significantly correlated to a trait which is more time consuming or expensive to 
measure in the field.  The correlations between freeze response and winter hardiness were 
statistically significant.  However, while these correlations were significant they were 
small in magnitude.  It is my opinion that the amount of reduction in time and effort 
required to screen this population using an artificial freezing treatment is not justified if 
the likelihood of improving winter hardiness is only 0.10 and 0.20.         
 Selection differentials as calculated in this study are a measure of how much the 
top 11% of the different groups compared to the groups at large.  Very high selection 
differentials were calculated in the progeny group for winter hardiness.  These results 
along with the high heritability estimated for winter hardiness in the parents indicate that 
the significant differences in the group's overall mean could be capitalized using a 
recurrent selection procedure.   
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  Very low selection differentials were calculated for chlorophyll content.  It is not 
surprising that the differences in the selected individuals would be small compared to the 
rest of the individual group means because there were no significant differences within 
the groups.   
 Density was a trait that seemed to have been influenced not at all by genetics in 
the progeny group.  I think this result for this trait might an artifact of the two different 
propagation methods and might also indicate that propagation method could be a 
confounding factor for the rating of this trait and possibly others.  I think a better way to 
evaluate this trait in the progeny group would be to germinate the seed from these lines in 
a greenhouse and then transplant them into the field.  By doing this you could establish 
both groups using transplants so that both groups would need to spread in the first year of 
establishment, to achieve full cover.   
 Calculating realized heritabilities by making selections in the progeny group 
would be useful in corroborating the heritability estimates reported in this dissertation.  
Using this material realized heritability would be the only way to evaluate how heritable 
these traits are based on selections that I would make and not those made by Dr. Rodgers.     
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Appendix 
Table 1. Means for  parental clones 
Family C.C. 
05 
C.R. 
05 
C.  
06 
D. 
 06 
G.A. 
06 
S.S. 
06 
T.  
06 
W.H. 
06 
1-11 276.38 201.60 6.3 8.3 8.3 1.48 8.0 5.4 
1-4 281.25 289.38 5.8 7.3 7.3 1.41 9.3 7.0 
1-9 257.0 195.05 7.0 6.3 6.3 1.49 8.3 6.3 
10-10 216.88 191.81 5.5 6.8 6.8 1.59 9.0 7.3 
11-11 239.75 181.84 5.5 4.5 3.5 1.41 5.0 5.4 
11-15 278.38 193.02 4.5 4.5 4.5 1.49 5.5 5.5 
11-19 234.0 165.74 5.3 4.0 3.8 1.50 6.5 5.7 
11-20 249.63 192.91 2.0 3.0 3.0 1.51 5.0 5.5 
11-4 216.13 174.52 4.0 4.5 4.5 1.47 9.0 6.9 
12-12 196.13 183.23 5.3 3.5 3.0 1.35 6.0 6.1 
12-15 266.38 2.2.61 5.3 4.5 5.0 1.43 7.8 5.9 
12-21 260.13 202.83 5.0 6.0 6.0 1.56 8.5 7.3 
12-3 208.88 163.81 2.0 2.0 2.0 1.68 6.0 3.9 
13-1 222.38 188.25 6.0 4.0 4.0 1.38 8.5 6.6 
13-19 252.50 201.81 4.0 4.0 4.0 1.54 6.3 7.4 
13-21 236.0 181.33 5.3 3.5 3.0 1.38 7.8 6.8 
13-7 244.13 218.70 4.8 4.0 4.5 1.55 5.8 6.3 
13-8 280.88 205.56 6.8 6.5 6.0 1.67 7.8 7.4 
14-12 307.75 195.67 4.5 3.5 4.3 1.29 6.0 5.5 
14-19 213.38 183.67 5.5 4.3 4.3 1.39 6.5 5.8 
14-8 143.75 168.66 9.3 8.8 8.8 1.50 8.8 7.7 
15-15 222.38 200.84 4.3 7.5 7.0 1.61 8.5 7.5 
15-21 171.63 192.22 7.5 7.0 7.5 1.45 8.3 6.1 
16-2 283.25 175.19 5.0 3.5 3.0 1.67 6.0 7.3 
16-3 248.78 196.40 6.0 3.5 4.0 1.46 7.3 6.7 
17-20 246.25 184.20 3.5 3.5 3.0 1.48 6.5 5.4 
18-12 285.50 185.33 6.0 7.0 7.5 1.62 10.0 7.3 
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 Table 2 Means for parental clones  
         
Family C.C.05 C.R.05 C 06 D 06 G.A.06 S.S.06 T 06 W.H.06 
18-3 235.0 199.65 5.0 3.0 3.0 1.26 6.0 5.9 
18-7 232.13 186.24 5.8 6.0 6.0 1.40 7.8 5.8 
18-9 276.75 178.41 4.5 6.0 6.0 1.40 7 7.5 
19-5 230.25 196.35 3.5 2.0 2.0 1.44 5.5 5.7 
2-11 276.38 211.89 6.3 8.5 8.5 1.50 9.5 6.7 
2-2 174.13 180.49 8.5 6.0 6.0 1.37 6.0 6.8 
3-11 245.75 205.27 5.8 5.0 6.0 1.54 8.3 7.3 
3-2 238.63 183.89 3.5 2.5 2.0 1.45 5.5 7.5 
3-20 283.13 195.22 4.5 6.5 7.5 1.58 8.8 7.2 
3-8 293.88 196.50 3.8 4.5 4.0 1.46 7.0 7.3 
4-10 225.38 195.51 7.8 6.8 2.5 1.36 8.5 7.3 
4-17 223.75 168.10 6.7 2.7 6.5 1.51 5.3 4.2 
5-12 239.25 189.89 4.8 4.3 5.5 1.70 6.3 5.6 
5-17 320.75 208.81 3.5 5.5 5.8 1.30 7.5 5.6 
5-4 178.75 153.38 3.0 4.0 2.8 1.44 4.0 4.4 
5-7 253.75 207.50 6.3 7.5 4.3 1.24 9.3 6.9 
6-18 203.50 176.56 4.8 6.0 5.5 1.46 6.5 6.2 
6-5 316.13 203.42 5.3 4.3 4.0 1.40 8.3 6.2 
7-11 196.25 172.68 5.3 3.5 7.5 1.35 6.8 5.9 
7-16 207.25 166.16 5.0 5.0 6.0 1.52 6.0 5.2 
8-14 326.75 230.23 4.0 5.3 4.3 1.52 6.5 5.9 
8-18 189.0 182.73 7.0 7.0 3.5 1.47 8.0 5.8 
8-19 228.25 178.47 5.5 6.3 5.0 1.28 8.8 7.4 
9-17 174.38 176.14 7.5 6.0 5.3 1.43 9.8 7.4 
9-19 249.75 198.98 4.5 6.8 7.0 1.51 7.0 6.0 
9-4 241.75 198.10 6.5 6.3 6.3 1.44 6.3 5.5 
9-6 242.25 193.06 3.5 4.5 6.0 1.30 4.5 6.1 
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 Table 3. Means of parental clones 
         
 
Family 
C.C. 
06 
C.R. 
06 
C. 
 07 
D.  
07 
F.R. 
07 
G.A. 
07 
T. 
 07 
W.H 
.07 
1-11 287.25 192.98 5.5 5.5 4.9 5.5 10.0 3.7 
1-4 269.12 215.94 6.5 5.0 4.2 7.0 8.5 5.2 
1-9 390.75 224.29 5.0 7.5 5.1 5.3 10.0 5.7 
10-10 299.50 202.63 6.5 6.5 3.1 4.8 7.0 5.0 
11-11 265.38 191.63 4.7 7.3 4.2 7.0 5.33 8.2 
11-15 353.88 222.71 4.7 6.7 3.1 6.0 8.0 5.9 
11-19 334.17 195.23 6.0 6.0 2.4 7.7 6.7 7.7 
11-20 312.50 173.0 7.0 6.0 2.6 9.0 7.0 7.2 
11-4 259.0 196.77 6.5 3.5 2.8 8.0 9.5 5.3 
12-12 288.0 203.73 4.7 7.3 4.7 7.7 6.0 6.9 
12-15 320.38 179.67 7.5 6.5 3.1 5.8 7.5 2.9 
12-21 262.25 206.63 7.0 8.0 4.3 6.3 7.5 2.9 
12-3 252.50 185.89 5.0 6.0 2.5 6.0 7.0 5.6 
13-1 234.38 190.96 7.3 6.0 6.1 6.3 8.0 5.9 
13-19 272.38 207.56 5.5 5.5 1.5 7.5 5.0 6.8 
13-21 260.38 191.08 7.0 4.5 5.5 6.8 4.0 6.8 
13-7 345.75 212.46 5.5 7.0 4.5 8.0 7.0 5.8 
13-8 285.0 213.65 6.0 6.5 3.3 8.3 7.5 5.8 
14-12 343.75 206.08 5.5 6.0 5.8 6.8 5.5 5.0 
14-19 291.0 200.4 5.3 6.0 2.1 5.0 7.3 3.4 
14-8 190.25 164.32 7.0 8.5 4.1 7.0 10.0 4.7 
15-15 361.0 229.81 6.0 4.5 5.3 6.0 7.5 2.6 
15-21 211.13 207.44 6.0 7.0 3.0 6.0 6.5 4.0 
16-2 303.88 203.0 6.0 6.5 4.7 6.5 6.0 3.8 
16-3 341.75 207.92 6.0 5.5 4.4 7.0 6.0 3.4 
17-20 301.0 202.27 4.0 5.5 1.9 6.0 7.5 3.9 
18-12 258.50 177.13 6.0 5.0 6.7 8.0 10.0 5.3 
         
 70
 Table 4. Means for parental clones   
         
 
Family 
C.C. 
06 
C.R. 
06 
C.  
07 
D. 
 07 
F.R. 
07 
G.A. 
07 
T. 
 07 
W.H. 
07 
18-3 383.75 214.48 5.5 5.0 2.4 7.0 6.5 5.3 
18-7 326.13 194.27 6.5 6.5 2.4 7.0 7.0 4.7 
18-9 291.38 213.67 4.7 6.7 3.1 6.33 5.3 5.7 
19-5 318.0 213.06 6.5 4.5 2.9 5.5 7.0 4.3 
2-11 344.38 208.73 4.5 5.0 6.5 3.5 9.5 5.9 
2-2 266.13 175.27 6.0 3.5 3.7 8.0 6.5 7.4 
3-11 353.75 228.60 7.5 8.0 4.9 6.5 5.0 6.0 
3-2 272.50 197.92 7.0 7.0 4.6 8.5 6.5 7.7 
3-20 322.63 201.10 4.5 5.5 2.7 8.3 8.5 6.7 
3-8 266.63 199.92 4.5 4.5 4.5 8.0 7.0 7.0 
4-10 354.25 181.31 5.5 7.0 2.0 6.3 7.5 6.0 
4-17 240.67 176.25 8.0 3.0 3.1 6.0 7.0 6.9 
5-12 285.0 222.19 6.0 6.7 3.8 6.0 6.7 5.1 
5-17 271.75 200.25 6.0 5.3 3.1 6.7 6.7 6.4 
5-4 214.17 189.25 8.0 1.0 3.6 10.0 6.0 6.0 
5-7 272.75 198.48 7.0 7.0 4.8 6.3 7.5 3.9 
6-18 348.0 224.50 6.5 6.0 2.6 4.3 6.5 4.0 
6-5 344.63 196.65 7.0 7.0 2.4 7.0 9.0 3.6 
7-11 334.63 209.40 5.0 6.5 3.7 5.5 6.5 3.0 
7-16 327.0 196.79 6.0 3.3 2.3 5.3 6.0 6.0 
8-14 363.25 223.44 5.5 8.0 3.2 5.0 7.0 6.1 
8-18 284.50 182.58 6.0 8.0 4.6 5.0 6.0 5.2 
8-19 250.13 204.25 3.5 6.5 3.5 3.0 8.0 4.2 
9-17 290.23 184.19 7.0 6.0 3.8 7.0 9.0 2.8 
9-19 359.0 193.69 6.0 6.5 1.1 5.0 7.0 1.7 
9-4 349.25 188.94 6.0 7.5 3.3 7.5 6.0 5.1 
9-6 298.13 187.71 7.0 7.5 4.9 6.3 5.0 3.3 
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 Table 5. Means for progeny families 
         
Family C.C.05 C.R.05 C 06 D 06 G.A.06 S.S.06 T 06 W.H.06 
1-11 263.63 191.95 6.25 8.3 8.3 1.23 8.0 5.7 
1-4 283.13 198.40 5.75 7.3 7.3 1.48 9.3 6.4 
1-9 295.0 202.50 7.0 6.3 6.3 1.51 8.3 6.7 
10-10 306.88 208.57 5.5 6.8 6.8 1.36 9.0 6.9 
11-11 281.13 191.35 5.3 4.0 4.0 1.44 5.3 6.7 
11-15 278.13 192.47 4.5 5.0 5.0 1.54 6.0 5.7 
11-19 230.25 179.42 5.5 4.3 4.3 1.38 6.1 6.1 
11-20 252.75 191.64 2.0 3.0 3.0 1.50 5.0 5.4 
11-4 258.63 187.67 4.0 4.5 4.5 1.58 9.0 5.7 
12-12 245.0 187.78 5.3 3.0 3.0 1.46 6.0 5.9 
12-15 295.0 193.82 5.3 5.0 5.0 1.46 7.8 5.9 
12-21 277.75 199.39 5.0 6.0 6.0 1.43 8.5 6.4 
12-3 283.13 189.83 2.0 2.0 1.7 1.31 6.0 5.9 
13-1 249.38 186.81 6.0 4.0 4.0 1.24 8.5 6.3 
13-19 213.63 191.64 4.0 4.0 4.0 1.46 6.3 7.0 
13-21 267.63 184.28 5.3 3.0 3.0 1.37 7.8 6.4 
13-7 280.25 199.77 4.8 4.5 4.5 1.45 5.8 5.7 
13-8 248.25 189.59 6.8 6.0 6.0 1.28 7.8 6.9 
14-12 258.25 184.97 4.5 3.8 4.5 1.49 6.0 5.8 
14-19 271.0 188.51 4.3 4.3 4.3 1.42 6.0 5.6 
14-8 266.0 203.92 9.3 8.8 8.8 1.55 8.8 7.1 
15-15 267.13 203.0 4.3 7.0 6.5 1.64 8.5 7.1 
15-21 283.25 193.53 7.5 7.5 7.5 1.38 8.0 6.8 
16-2 235.75 177.11 5.0 3.0 2.8 1.45 6.0 6.8 
16-3 217.88 193.22 6.0 4.0 4.5 1.49 7.0 6.0 
17-20 282.88 190.75 3.5 2.8 3.5 1.46 6.5 7.0 
18-12 237.88 179.17 6.0 7.5 7.0 1.58 10.0 6.6 
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 Table 6. Means for progeny families 
         
Family C.C.05 C.R.05 C 06 D 06 G.A.06 S.S.06 T 06 W.H.06 
18-3 292.5 195.13 5.5 3.5 3.0 1.33 6.5 6.5 
18-7 250.63 197.09 5.8 5.5 6.0 1.49 7.8 6.5 
18-9 285.38 195.22 4.5 6.0 6.0 1.51 6.5 6.8 
19-5 264.25 200.60 3.5 2.0 2.0 1.30 5.6 6.2 
2-11 294.13 202.70 6.3 8.5 8.5 1.23 9.0 6.8 
2-2 271.38 181.81 8.5 6.5 6.0 1.51 6.5 6.2 
3-11 234.25 192.94 5.8 4.5 6.0 1.24 8.3 6.5 
3-2 228.38 190.22 3.0 2.5 2.0 1.37 5.5 6.9 
3-20 278.63 203.0 4.5 6.5 7.5 1.40 8.8 7.1 
3-8 271.75 193.81 3.8 4.5 4.0 1.29 7.0 6.8 
4-10 270.88 191.14 7.8 6.8 2.5 1.58 8.5 6.8 
4-17 252.75 186.59 5.3 2.7 6.5 1.64 5.5 6.0 
5-12 279.25 195.17 4.8 4.3 5.5 1.33 6.3 5.5 
5-17 239.25 181.59 3.0 5.5 5.8 1.34 7.0 6.1 
5-4 247.38 177.61 2.8 4.5 2.8 1.42 4.5 6.0 
5-7 295.63 218.66 6.3 7.5 4.3 1.47 9.3 6.4 
6-18 275.25 192.81 4.8 6.0 5.5 1.28 6.0 5.6 
6-5 224.25 198.85 5.3 4.3 4.0 1.16 8.3 6.1 
7-11 300.88 205.97 5.3 3.5 7.5 1.44 6.8 5.9 
7-16 279.25 196.80 5.5 4.5 6.0 1.42 6.5 6.0 
8-14 341.75 225.86 4.5 5.3 4.3 1.44 6.0 6.4 
8-18 287.38 210.64 6.5 6.5 3.5 1.32 8.5 6.0 
8-19 263.0 196.90 5.5 6.3 5.0 1.33 8.8 6.9 
9-17 210.63 181.13 7.5 6.5 5.3 1.49 9.8 6.9 
9-19 187.38 203.82 4.0 6.8 7.0 1.63 6.8 6.0 
9-4 265.13 187.30 7.0 6.3 6.3 1.45 6.3 5.9 
9-6 284.13 197.17 3.3 4.5 6.0 1.56 4.0 6.0 
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 Table 7. Means for progeny families  
         
 
Family 
C.C. 
06 
C.R. 
06 
C. 
07 
D.  
07 
F.R. 
07 
G.A. 
07 
T.  
07 
W.H. 
07 
1-11 392.25 219.45 5.0 5.5 4.0 6.5 9.0 5.9 
1-4 357.75 214.66 6.0 7.0 6.0 6.3 6.0 6.0 
1-9 356.25 222.40 7.5 7.0 3.3 4.8 6.5 6.8 
10-10 356.13 212.29 5.5 6.0 5.5 6.0 6.5 6.6 
11-11 375.63 218.85 6.0 6.0 5.3 5.0 6.0 5.3 
11-15 450.75 234.42 5.0 6.0 5.3 5.7 6.0 5.7 
11-19 375.83 199.63 7.5 6.0 1.9 5.7 6.0 5.2 
11-20 364.75 214.13 3.5 7.0 4.8 5.5 5.0 5.6 
11-4 342.63 203.71 7.0 7.0 5.1 5.8 7.0 5.0 
12-12 398.25 214.54 7.5 6.7 2.9 7.0 6.0 6.1 
12-15 331.88 199.90 5.5 6.5 3.1 6.0 6.5 4.7 
12-21 358.75 214.85 7.0 5.0 2.8 7.3 6.5 4.5 
12-3 366.88 210.90 7.0 7.0 2.6 6.5 7.0 4.8 
13-1 356.63 205.17 5.5 6.0 2.0 5.3 6.7 4.6 
13-19 410.88 221.0 5.5 5.5 3.1 6.5 6.5 5.3 
13-21 356.25 203.88 7.0 6.5 1.9 6.0 6.0 5.9 
13-7 428.88 235.94 6.3 5.5 3.5 6.3 7.0 5.4 
13-8 423.13 221.71 4.7 5.5 1.9 7.0 6.0 6.1 
14-12 398.25 209.19 7.0 7.5 5.6 7.0 6.0 4.4 
14-19 390.38 215.02 7.5 6.0 3.3 5.3 6.0 4.4 
14-8 392.38 228.17 6.3 7.5 3.8 7.3 8.0 3.5 
15-15 430.63 232.0 5.0 6.5 2.3 7.5 7.5 3.5 
15-21 360.0 214.89 8.5 6.0 5.0 5.8 6.5 4.3 
16-2 362.25 207.89 6.5 7.0 3.3 6.3 6.5 3.1 
16-3 413.13 225.40 6.0 6.5 1.6 4.8 6.5 4.0 
17-20 406.50 215.50 4.5 6.5 3.1 5.3 6.0 5.0 
18-12 364.88 200.17 6.5 5.0 7.0 4.5 6.0 4.4 
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 Table 8. Means for progeny families 
         
Family C.C. 
06 
C.R. 
06 
C.  
07 
D.  
07 
F.R. 
07 
G.A. 
07 
T.  
07 
W.H. 
07 
18-3 399.88 222.71 7.5 7.0 5.5 6.3 6.5 6.4 
18-7 377.88 218.38 5.5 6.0 1.0 6.5 7.0 5.3 
18-9 391.0 214.13 7.3 5.3 2.8 6.3 7.3 4.4 
19-5 400.13 216.96 5.7 6.0 6.5 8.3 8.0 4.7 
2-11 388.50 220.42 6.0 6.0 4.0 6.0 9.0 4.3 
2-2 364.38 203.13 7.5 6.0 4.4 6.0 5.5 5.2 
3-11 394.75 209.31 6.5 7.0 4.3 6.8 7.5 6.1 
3-2 386.88 220.15 6.0 7.5 3.5 6.8 6.5 6.0 
3-20 372.38 219.25 5.5 7.0 2.8 6.8 8.0 5.1 
3-8 359.63 207.0 6.3 7.5 6.5 7.5 7.0 5.7 
4-10 428.50 231.04 4.7 7.0 6.0 7.5 7.0 5.2 
4-17 402.25 213.08 4.0 6.0 2.4 7.5 7.0 5.0 
5-12 376.13 209.94 5.0 7.3 1.5 7.0 6.0 5.4 
5-17 387.63 211.94 6.5 7.3 3.8 7.7 6.7 3.3 
5-4 363.50 228.35 7.5 6.0 5.3 7.0 6.0 4.5 
5-7 427.25 228.29 7.0 5.5 4.0 5.8 7.5 5.4 
6-18 382.25 213.73 6.0 6.0 3.3 3.5 6.0 5.0 
6-5 373.63 210.92 7.5 6.5 5.8 5.0 8.0 5.8 
7-11 383.13 220.67 5.5 6.5 4.5 5.8 6.5 4.8 
7-16 407.33 213.99 7.0 6.7 2.5 4.0 6.0 4.4 
8-14 419.34 226.11 7.0 6.5 5.5 6.8 7.5 5.0 
8-18 391.13 213.87 6.5 6.0 5.3 2.0 8.0 4.0 
8-19 415.63 222.99 7.5 7.0 2.6 4.8 5.5 4.1 
9-17 342.88 226.46 5.0 6.5 2.9 7.0 7.0 2.9 
9-19 373.13 219.91 6.3 6.0 8.0 4.8 6.0 3.9 
9-4 394.0 222.37 6.7 6.5 1.0 6.0 6.5 3.3 
9-6 372.50 216.30 6.0 6.0 2.8 5.8 6.0 4.6 
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